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SUMMART 


This  report  presents  the  results  of  a  series  of  experiments  conducted 
.1 

on  a  scale  dynamically  similar  model  of  a  tilt -wing  VTOL  aircraft . 

The  static  longitudinal  forces  and  moment  and  the  character  of  horizontally- 
free  partial  transitions  were  examined  through  the  use  of  the  Princeton 
University  Forward  Flight  Facility. 

Included  are  disc\isslons  of  the  eq^uipment  and  testing  techniques  , 

enqiloyed  in  these  tests  as  well  as  a  development  and  evaluation  of  various 
analytical  approaches  to  the  prediction  of  the  static  and  dynamic  stability 
characteristics  of  a  wing-rotor  system. 

Results  demonstrate  that  additional  experimental  information  is  neces¬ 
sary  in  order  to  predict  accurately  the  forces  and  moments  developed  by 
the  wing  and  rotor. 

A  preliminary  analysis  indicates  significant  contributions  to  stability 
and  control  from  the  effects  of  slipstream  rotation  on  wing  local  flow 
conditions . 

The  presentation  is  divided  into  Parts  I,  II  and  III,  concerned 
respectively  with  the  experimental  test  equipment,  procediires  and  analysis 
techniques.  Each  Part  is  semi-autonomous  and  includes  its  own  Figures, 
results  and  conclusions. 


INTRODUCTION 

It  is  the  purpose  of  this  report  to  present  the  results  of  tests 
conducted  on  a  tilt-v/ing  VTOL  aircraft  nodel  on  the  Princeton  University 

f  ■  " 

Forwai^  Flight-.Facility,  Included' -are  discursions  of  the.  experimeritai 
equipment  and  techniques  employed  in  these  testr:;  as.  well  as  the  actual 
test  results.  In  general,  an  attempt  has  been  made  to  assess  the  feasi¬ 
bility,  limitations  and  p<3tential  of  the  equipment  and  techniques  and 
to  determine  the  validity  of  the  results  by  com.’^arison  with  experimental 
data  from  other  sources,  when  possible,  and  with  th‘‘'Orctical  predictions 
developed  herein.  There  follov.’s  immediately  in  this  section  a  brief 
background  and  description  of  the  Facility,  and  an  exn.lanation  of  the 
purposes  of  the  tests. 

Due  to  increasing  interest  in  the  past  decade  in  helicopters  and 
vertical  take-off  and  land  (VTOL)  type  aircraft,  it  was  thriight  desira¬ 
ble  at  Piinceton  University  to  design,  d.eve3-op  and  constn.’ct  an  apparatus 
with  which  it  V'Jould  be  possible  to  investigate  the  characteristics  of 
such  aircraft,  and  which  would  be  specifically  tailored  to  meet  the  re¬ 
quirements  of  exnerimental  investigation  in  the  very  lor  speed  flight 
reg.ime.  In  particular,  such  an  apparatus  should  permit  the  direct 
measurement  of  the  dynamic  behavior  of  these  aircraft,  by  the  use  of 
relatively  inexpensive  scale  models,  tested  in  a  controlled  environment, 
i.e,  independently  of  outside  weather  conditions.  In  addition,  there 
should  exist  the  capability  of  performing  steady-state,  or  static,  ex¬ 
periments  to'  determine  static  stability  derivatives  which  would  facili¬ 
tate  the  development  of  theoretical  methods  of  predicting  the  dynamic 
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characteristics  of  these  aircraft. 


Provisions  should  he  made  to  allov  precise  and  direct  measurement 
and  control  of  all  aircraft  flight  yariahles,  such  as  attitudes,  veloci¬ 
ties  and  accelerations,  as  well  as  to  restrain  the^model  in  such  a  way 
as  to  pemit  isolation  of  particular  degrees  of  freedom  or  modes  of 
motion  for  detailed  study,  and  to  prevent  destruction  of  the  model  in 
the  event  of  excessive  or  uncontrollahle  motions  sometimes  characteristic 
of  the  type  of  aircraft  under  consideration. 

Various  possibilities  presented  themselves  in  the  selection  of  the 
type  of  apparatus  satisfying  the  above  requirements.  Should  the  model 
be  moved  through  the  air  under  its  own  power  similar  to  the  manner  of 
operation  of  the  full  scale  aircraft,  or  should  the  air  be  moved  past 
the  model  as  is  done  in  wind  tunnel  testing,  or  might  a  compromise  be 
reached  somewhere  between  these  two  extremes?  The  resolution  of  these 
questions  lay  in  the  consideration  of  particular  problems  associated 
with  the  apparatus  in  question  and  in  a  careful  appraisal  of  the  cost, 
utility  and  performance  of  the  facility  resulting  from  each  solution. 

To  allow  the  testing  of  models  whose  maximum  dimension  would  be  of 
the  order  of  8  feet  (rotor  diameter  or  wing  span)  in  zero  flight  speed 
conditlons'~8Uid  free  from  wall  and  ground  effects,  minimum  Y-Z  pleuie  en¬ 
closure  dimensions  of  30  feet  x  30  feet  were  deemed  necessary.  The 
model  size  assumed  would  permit  the  necessary  scaling  of  rotor  and  hub 
geometry  to  produce  dynamic  similarity  while  at  the  same  time  keeping 
model  weight  and  power  requirements  within  attainable  limits.  The. re¬ 
quirements  for  measurement  and  control  of  variables,  conditions,  and 
restraints  necessitate  providing  a  known  reference  with  the  model  at 


3. 


all  times.  In  the  case  of  the  wind  tunnel  this  reference  would  he  the 
stationary  pylon  upon  which  the  model  was  mounted.  However,  with  the 
model  scales  implied  characteristic  periods  of  oscillation  could  be  as 
low  as  two  seconds,  with  velocity  excursions  of  the  order  of  +  10  feet/ 
second,  and  with  the  model  held  stationary  the  power  requirements  to 
provide  the  resulting  accelerations  to  the  masses  of  air  involved  would 
indeed  be  prodigious.  Compromising  by  allowing  the  model  to  oscillate 
about  some  steady-state  trim  velocity  provided  by  the  wind  tunnel  would 
meeui  providing  a  reference  moving  with  the  model  and  slaved  to  it 
through  some  sort  of  automatic  positioning  device.  This  scheme,  how¬ 
ever,  would  require  accelerating  the  air  in  the  tunnel  corresponding  to 
a  VTOL  transition  of  10-15  seconds  duration  from  zero  velocity  through 
a  stall  speed  of  some  6O-7O  feet/second  while  maintaining  turbulence 
levels  and  velocity  fluctuations  at  some  reasonably  low  value.  Such  a 
scheme,  if  possible,  would  be  expensive  due  to  the  size  and  power  re¬ 
quirements  of  the  wind  tunnel  necessary. 

After  consideration  of  the  problems  associated  with  the  above  schemes 
the  best  solution  seemed  to  be  to  eliminate  the  necessity  for  moving 
large  quantities  of  air  simply  by  allowing  the  above-mentioned  moving 
reference  to  follow  even  the  steady-state  component  of  the  model's  motion 
allowing  sufficient  space  to  perform  any  of  the  indicated  maneuvers  such 
as  VTOL  transition.  This,  in  essence,  is  the  Princeton  University  For¬ 
ward  Flight  Facility.  In  fact,  it  is  a  building  30  feet  x  30  feet  x  75O 
feet  long,  providing  shelter  from  the  elements  and  housing  a  mono-rail 
track  running  its  length.  A  photograph  of  the  Interior  of  this  building 
is  presented  on  page  30  showing  the  general  ai’rangement  of  the  track. 
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Dynamically -similar  powered  scale  models  are  "free"  flown  In  the  build¬ 
ing,  their  motion  being  followed  and  monitored  by  a  powered  carriage 
running  on  the  track.  The  carriage  serves  only  to  provide  a  known  refer¬ 
ence  traveling  with  the  model,  to  restrain  the  degrees  of  freedom  not 
under  study,  and  to  limit  the  model  excursions  if  excessive  and/or 
hazardous.  A  positioning  servomechanism  senses  the  relative  position 
error  between  the  model  and  the  carriage  and  drives  the  carriage  to 
minimize  this  error.  Pertinent  variables  are  measured  directly  and  the 
data  transmitted  back  and  recorded  on  th6  ground.  In  addition,  the 
model  may  be  restrained  by  the  carriage  through  force -measuring  devices 
such  as  strain  gages,  so  that  by  driving  the  carriage  along  the  track 
at  a  steady  pre-set  velocity,  static  force  and  moment  measurements  may 
be  made. 

It  is  the  purpose  of  this  report  to  discuss  tests  made  on  the  a- 

bove-descrlbed  Facility,  using  a  ^  scale  dynamically  similar  model 

5.2 

of  the  Vertol  V-76  tilt-wing  VTOL  aircraft.  These  tests  were  conducted 
during  the  periods  of  9-17-58  to  II-26-58  and  11-10-58  to  1-7-80 
for  the  following  purposes: 

1)  To  obtain  useful  longitudinal  stability  and  trim  Information 
on. a  tilt-wing  type  VTOL  aircraft; 

2)  To  provide  an  initial  evaluation  of  the  Facility,  equipment 
and  techniques;  and 

3)  To  establish  a  basis  for  the  extrapolation  of  the  future  pO“ 
tential,  requirements  and  limitations  of  such  a  Facility. 

The  first  group  of  tests  were  of  a  steady-state  nature  as  described 
above.  The  model  was  restrained  in  the  longitudinal  degrees  of  freedom 
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(that  is,  horizontal  and  vertical  translation  of  the  c.g.  and  pitching 
about  the  c.g.)  by  strain  gages  attached  to  ‘the  carriage  and  supporting 
the  model.  Constant  velocity  runs  were  made  at  various  fuselage  atti¬ 
tudes  and  wing  tilt  angles,  and  rotor  collective  pitch  was  adjusted  to 
provide  thrust  levels  corresponding  to  the  desired  conditions  of  trimmed 
lift  and  drag  forces .  Constant  velocity  was  provided  by  presetting  the 
carriage  to  the  desired  velocity  and  then  allowing  the  carriage  to  ac¬ 
celerate  itself  and  the  model  to  Vq  and  drive  it  at  this  velocity, 
while  a  feedback  mechanism  Insured  that  the  preset  velocity  was  main¬ 
tained  by  comparing  the  carriage's  velocity  at  all  times  to  the  pre¬ 
set  value.  A  separate  run  was  made  and  steady-state  data  recorded  for 
each  change  in  the  variables  -  velocity,  wing  tilt,  fuselage  altitude, 
8Uid  rotor  collective  pitch.  In  all,  a  total  of  17^  runs  were  made, 

126  of  them  providing  useful  static  stability  and  trim  information. 

The  second  series  of  tests  differed  in  method  from  the  first  in 
that,  rather  than  drive  the  model  with  the  carriage,  the  model  was 
allowed  a  single  longitudinal  degree  of  freedom  -  horizontal  trans¬ 
lation  -  and  the  carriage  was  arranged  to  follow  the  model  In  its  hori¬ 
zontal  velocity  excursions  while  vertical  force  and  pitching  moment 
were  measured  with  strain  gages  between  the  carriage  and  the  model. 

Rtms  were  made  in  this  testing  configuration  by  adjusting  tilt  angle 
and  rotor  collective  pitch  to  trim  the  model  in  a  hovering  attitude  at 
zero  fuselage  pitch  angle  and  then  allowing  the  wing  to  tilt  downward 
at  a  constant  rate  with  collective  pitch  and  fuselage  attitude  held 
constant.  As  the  wing  tilted  downward  the  model  would  accelerate  un¬ 
til  such  time  as  the  wing  stopped  tilting,  whereupon  the  model  velocity 
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would  decay  to  that  value  required  for  horizontal  trim.  Eepeated  runs 
were  made,  stopping  the  wing  tilt  at  various  angles,  and  in  several 
cases  reversing  the  direction  of  wing  tilting  at  various  angles  and 
allowing  the  run  to  proceed  until  the  model  was  again  in  a  hovering 
attitude  at  end  of  the  run  trim.  This  series  of  tests  Involved  35 
runs,  of  which  32  produced  useful  data  concerning  the  model  and 
carriage  behavior. 

For  simplicity  and  clarity  the  two  series  of  tests  described  a- 
bove  will  be  referred  to  in  the  remainder  of  this  report  as  "static" 
and  "1  D/F"  (abbreviation  for  One  degree  of  freedom)  respectively. 
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r  Radial  distance  along  rotor  blade 

R  Rotor  radiiis 

S  Wing  area  per  semi-span 

T  Rotor  thrust 

u  Body  axis  system  longitudinal  velocity 

/IT  Rotor  axial,  induced  velocity  at  disk 

V  Freestream  velocity  along  flight  path 

Vq  Carriage  or  model  steady  trim  speed 

Vg  Heanltant  velocity  at  wing  -  vector  sum 


9 


V 
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X 


X 

Xe 

Xe 

Xv 


“W 


R 


a 

a' 


7 

5 

e 

®eff 

®.75R 

X 

Xq 

P 


Body  axis  system  vertical  velocity 

Aircraft  gross  weight 

Radial  station  along  blade  =  s 

n 

Longitudinal  disteuice  of  wing  a.c.  from  c.g. 

Longitudinal  distance  of  rotor  hub  from  c.g. 

Longitudinal  force 

Rate  of  change  of  longitudinal  force  with  angle  of  attack 

Rate  of  change  of  longitudinal  force  with  pitch  attitude 

Rate  of  change  of  longitudinal  force  with  pitch  rate 

Rate  of  change  of  longitudinal  force  with  velocity 

Roots  of  numerators  in  root  loci 

Normal  dlsteuice  of  wing  a.c.  from  c.g. 

Normal  distance  of  rotor  hub  from  c.g. 

Rotor  angle  of  attack 

Wing  angle  of  attack 

Locke  '  s  Number  =  •=?- 

•^1 

Blade  sectional  profile  drag  coefficient 
Change  in  a'  due  to  slipstream  rotation 
Aircraft  pitch  attitude 
Effective  blade  pitch  at  0.75R 
Blade  collective  pitch  at  0.75R 

Root  of  characteristic  e<iuation,  also  model  scale  factor 


Xo  =  -  0^/2 

Advance  ratio  *  Y-- 

fi  R 

Horizontal  advance  ratio  ^ 
Density  of  air 


V 

n  R 
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a 

be 

Blade  solidity  factor  =  j(R 

Blade  aximuth  position 

(a) 

Slipstream  angular  velocity,  radians  per  second 

a 

Rotor  rotational  velocity,  radians  per  second 

SUBSCRIPTS 

( 

)a 

Derivative  with  respect  to  angle  of  attack  at  constant 

velocity 

/ 

)y 

Derivative  with  respect  to  velocity  at  constant  angle  of 

attack 

( 

)e 

Derivative  with  respect  to  pitch  rate  at  constantvelocity 

and  angle  of  attack 

( 

)h 

Hover,  also  hub 

( 

)v 

Wing 

( 

)e 

Rotor 

( 

)f 

Fuselage 

( 

)t 

Tail 

( 

)t 

Total 

( 

)f  .s . 

Full  scale 

( 

^TF 

Tall  pitch  fan 

( 

)s 

Horizontal  stabilizer 

( 

)rot 

Slipstream  rotation 

( 

)non- 

Non-rotating 

( 

,R0T 

^exp 

Experimental 

ABBREmnONS  AND  OTHER  NOTATION 

)  Change  in  variable  due  to  pitching  rate 

(”)  Derivative  with  respect  to  time 


1-D/F  One  degree  of  freedom 

(  )  Quantity  divided  by  Xq 
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DISCUSSIONS  TEST  EQUIPMENT 


The  equipment  used  in  the  tests  under  consideration  cons’isted  in 
general  of  a  powered  scale  model,  a  servo-controlled  carriage,  model 
and  carriage  monitorlr^  and  measuring  instinimentation,  and  a  radio¬ 
telemetry  data-link  with  magnetic  tape  recorder.  Each  component  of  the 
system  described  above  will  be  discussed  separately  and  an  evaluation 
given  of  its  performance  in  conducting  the  tests  discussed  herein.  The 
time  period  between  the  two  sets  of  tests  considered  was  one  of  transition 
when  almost  every  component  was  changed  to  some  extent  in  attempts  to  im¬ 
prove  the  performance  of  the  entire  system.  As  a  result,  the  discussion 
of  each  item  will  be  divided  into  parts  associated  with  the  equipment 
used  in  each  of  the  tests. 

MODEL 

A  photograph  of  the  1/5.2  scale  dynamically-similar  powered  model 
of  the  Vertol  V-76  used  in  the  static  tests  appears  on  page  31. 

The  dimensions  of  this  model  are  as  presented  in  the  three  view  draw¬ 
ings  on  page  32,  and  the  physical  characteristics  are  given  in  a 
Table  on  page  33  along  with  a  comparison  with  those  of  the  full  scale 
airplane.  A  development  and  discussion  of  the  scaling  used  to  achieve 
dynamic  similarity  appears  in  Appendix  C.  In  general,  no  attempt 
was  made  to  scale  the  elastic  properties  of  the  aircraft  as  a  whole. 
However,  rotor  blade  mass,  mass  distribution,  and  bending  and  torsion¬ 
al  properties  were  preserved  as  closely  as  possible  to  those  values 
simulating  the  full  scale  rotor  blade.  In  design  and  construction  of 
the  model  partioalar  attention  was  given  to  avoiding  natural  frequencies 


close  to  the  one  per  revolution  and  three  per  revolution  rotor  forcing 
frequencies.  Obvious  success  in  this  endeavor  was  demonstrated  in  the 
complete  absence  of  any  vibration  problems  throughout  both  test  pro¬ 
grams  . 

The  model  main  drive  system  consists  of  a  single  1.5  horsepower, 
three  phase,  400  cycle  electric  motor  driving  the  two  three-bladed 
rotors  through  a  geared-down  transmission  and  a  timing  belt  and 
sprocket  arrangement.  The  timing  belts  transmit  the  power  from  the 
fuselage-located  transmission,  out  the  wing,  to  the  rotor  shafts,  and 
are  centered  about  the  wing  tile  hinge  to  allow  the  wing  to  tilt 
through  the  required  limits.  Such  a  drive  system  proved  quite  light 
and  trouble-free  under  all  power  and  wing-tilt  conditions.  The  one 
drawback  of  this  arrangement  is  a  result  of  the  sizeable  belt  tensions 
encountered  in  transmitting  the  power  through  reasonably-sized  sprockets. 
Loads  of  the  magnitude  calculated  (Tension  =  50  pounds)  make  it  very 
difficult  to  develop  a  system  to  measure  rotor  forces  separately  from 
the  wing  forces  without  resorting  to  the  complications  of  direct  shaft 
instnunentation.  Separation  of  the  wing  and  rotor  forces  would  be  a 
very  significant  contribution  to  the  ability  to  assimilate  information 
in  both  static  and  dynamic  testing. 

The  model  rotors  are  semi-artiaulated  with  full  flapping  but  no 
lag  freedom,  and  the  hub  geometry  and  blade  static  moment  are  exactly 
scaled  to  the  full  scale  aircraft's  values.  Blade  construction  tech¬ 
niques  used  are  quite  similar  to  those  discussed  in  References  1  and 
2  using  a  steel  insert  imbedded  in  a  foamed  plastic  shape.  Some  diffi¬ 
culty  was  experienced  in  attempting  to  apply  the  required  twist  to  the 


blade  after  molding  and  during  the  root-insert  gluing  operation.  This 
difficulty  was  very  easily  overcome  by  modifying  the  fabrication  pro¬ 
cedure  to  allow  the  insert  to  be  molded  into  the  blade  in  an  already- 
twisted  mold.  The  twisted  mold  required  was  Inexpensive  and  simple  to 
fabricate,  since  the  twist  necessary  was  linear  and  easily  generated 
as  a  regular  surface.  The  master  for  the  untwisted  blade  was  original¬ 
ly  parted  at  the  chord  line  and  made -of  flexible  plastic.  The  pro¬ 
cedure  employed  was  to  attach  the  master  blade  half  to  the  twisted  sur¬ 
face,  build  a  dam  around  the  periphery,  and  pour  an  aluminum-filled 
epoxy  resin  into  the  recess.  The  photograph  on  page  34  shows  a  blade, 
mold,  insert,  completed  blade,  and  assembled  rotor. 

A  photograph  on  page  35  presents  the  essential  details  of  the 
wing  construction.  The  primary  structural  member  is  a  thin-walled  alu¬ 
minum  tube  to  which  are  attached  the  wing  hinge  points,  rotor  shaft 
housings  and  welded  magnesium  ribs.  The  aerodynamic  surface  is  formed 
of  .010  inch  aluminum  sheet  to  which  is  bonded  1/32  inch  balsa  sheet 
for  stiffening.  The  covering  is  bonded  and  screwed  to  the  wing  with 
a  resulting  surface  that  is  quite  free  of  wrinkles,  waves  and  other  ir¬ 
regularities.  The  wing  described  above  is  the  one  used  in  the  one  de¬ 
gree  of  freedom  tests,  while  the  wing  used  in  the  static  tests  was  of 
a  similar  construction  but  had  a  vacuum-formed  plastic  covering.  The 
plastic  covering  was  completely  satisfactory  as  far  as  the  resulting 
form  and  surface  it  provided,  but  excessive  weight  for  dynamic  tests, 
as  well  as  fastening  difficulties  with  the  polystyrene  plastic  dictated 
a  need  for  the  more  suitable  covering. 

The  demand  for  light-weight  construction  for  dynamic  similitude 
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also  required  changes  in  the  fuselage  and  nose  buhtle  between  the  static 
and  1-D/F  tests.  The  static  test  fuselage  was  cut  from  l/8  inch  alu¬ 
minum  sheet  to  simulate  the  full  scale  tubular  stringer  construction^ 
and  the  nose  bubble  was  of  resin-inpregnated  fibreglass  cloth.  These 
two  items  were  profitably  replaced  in  the  1-D/F  tests  by  a  welded  thin- 
wall  aluminum  tubing  fuselage  and  a  thin  vacuum-formed  polystyrene 
plastic  bubble. 

Although  a  tail  assembly  is  shown  in  the  photograph  of  the  static 
test  model  on  page  4-0  ,  no  tail  was  used  during  the  actual  tests  as 

discussed  in  Part  III  A  tall,  complete  with  pitch  fan,  was  in 
place  for  the  1-D/F  tests,  but  the  pitch  fan  was  not  operated  since 
part  of  the  test  Information  desired  was  the  tail  load  required  to  trim 
the  aircraft.  A  photograph  of  this  tail  showing  in  some  detail  the 
flow-spoiling  trimming  device  above  the  four-bladed  pitch  fan  appears 
on  page  37  .  The  power  for  the  tail  fan  is  taken  from  the  main  rotor 

drive  system  and  transmitted  along  the  fuselage  and  up  through  the  verti¬ 
cal  fin  by  means  of  a  flexible  cable  drive.  The  horizontal  stabilizer 
may  be  set  at  any  desired  incidence,  but  no  rudder  surface  or  yaw  fan 
is  provided  as  this  model  was  originally  Intended  for  longitudinal 
testing  only.  It  is  anticipated  that  little  development  effort  would 
be  required  to  provide  both  of  these  additional  items. 

In  the  photograph  of  the  wing  construction  on  page  35  can  be 
seen  a  small  d.c.  motor  which  drives  the  rotor  collective  pitch  ad¬ 
justment.  A  detail  of  the  pitch  adjustment  assembly  Including  the 
swash-plate  and  drive  is  presented  on  page  36  .  Included  in  this 

photograph  is  the  potentiometer  used  to  measure  model  collective  pitch 
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for  telemetering  to  the  ground.  A  similar  d.c.  motor  drives  a  spring- 
loaded  cable  arrangement  to  rotate  the  spoiler  plate  above  the  tail 
pitch  fan.  This  drive  system  is  designed  to  have  adeq.uate  response 
characteristics  to  apply  a  one  second  pulse  input  in  model  scale  time 
for  dynamic  control  response  tests. 

The  wing  tilting  mechanism  is  driven  by  a  400  cycle  syncronous 
motor  through  a  high -reduction  planetary  gear  box.  Several  combinations 
of  motor  speeds  and  gear  ratios  are  available  to  allow  different  scaled 
time  transitions  to  be  accomplished.  This  same  mechanism  drives  the 
links  by  which  the  model  is  supported  and  which  allow  the  model  supports 
to  follow  the  c.g.  travel  of  the  aircraft  during  wing  rotation.  A  sche¬ 
matic  diagram  of  the  geometric  relationships  involved  in  this  c.g.  motion 
is  presented  in  Figure  6  on  page  38  .  An  examination  of  this  Figure 

reveals  the  interesting  effect  that  the  airplane  travels  along  a  circu¬ 
lar  arc  path  with  respect  to  the  support  point  as  the  wing  rotates 
through  its  transition  travel.  Motion  of  the  aircraft  with  respect  to 
the  support  presents  a  problem  with  regard  to  restraining  the  pitching 
freedom  without  producing  a  change  in  fuselage  attitude  dxrring  transition. 
It  is  possible  to  eliminate  any  fuselage  attitude-wing  tilt  coupling 
by  the  use  of  a  "passive”  parallel  linkage  arrangement  as  depicted  sche¬ 
matically  in  Figure  9  (a)«  Such  a  system  was  used  in  the  1-D/F  tests, 

but  limited  the  lower  limits  of  wing  tilting  allowed  when  the  angle  1^ 
became  sufficiently  acute  that  the  flexibility  of  supports  allowed  sig¬ 
nificant  fuselage  attitude  deflection  under  load.  The  term  "passive" 
is  used  to  describe  this  linkage  to  differentiate  it  from  an  arrangement 
where  the  pitching  restraint  tie-in  point  is  actually  driven  by  a  part 
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of  the  wing-tilt  mechanism  as  shown  schematically  in  Figure  9  (b).  The 
advantage  of  the  driven  or  "active"  system  is  that  it  provides  rigidity 
at  all  wing -tilt  positions  by  applying  torque  as  well  as  shearing  re¬ 
straint.  A  system  similar  to  the  one  depicted  in  Figure  9  (b)  is  an 
absolute  necessity  for  complete  transition  testing  with  this  model  when 
pitching  freedom  is  to  be  restrained. 


CARRIAGE 

A  general  arrangement  photograph  of  the  carriage  used  in  the  static 
tests  is  shown  on  page  nO  .  This  carriage  had  a  drive  system  identi¬ 
cal  to  the  one  described  in  Kefei-ence  2,  with  the  exception  that  the 
magnetic  clutches  were  not  closed  in  a  positioning  se2rvo  loop.  The  3 
horsepower  electric  motor  operated  at  maximum  voltage  at  all  times,  and 
the  carriage  velocity  was  controlled  by  changing  the  voltage  to  the  mag¬ 
netic  clutches .  Excitation  voltage  on  the  clutches  determined  the 
torque  transmitted  and  as  a  result  the  carriage  acceleration  and  termi¬ 
nal  velocity.  Carriage  velocity  was  sensed  by  a  wheel  driven  tachometer, 
the  output  of  which  was  fed  back  and  compared  to  the  applied  voltage. 

A  schematic  of  the  resulting  constant  velocity  servomechanism  is  pre¬ 
sented  in  Figure  5-  In  practice  this  system  maintained  constant  ve¬ 
locity  within  about  2  per  cent,  the  carriage  mass  acting  as  a  fairly 
effective  filter  to  short-time  track  friction  irregularities. 

The  major  problem  encountered  in  testing  vz-ith  this  carriage  was 


a  general  lack  of  prime  motive  power.  Ilaximum  steady  velocities  at¬ 
tainable  were  just  over  26  feet/second  ,  and  as  a  result  no  data  could 
be  taken  in  the  1.^  kk  degrees  decelerated  flight  condition.  At 
speeds  above  26  feet /second  track  eind  wind  resistance  demanded  more 
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pover  than  the  rather  inefficient  magnetic  clutches  would  deliver  with 
a  3  horsepower  input.  For  tests  run  at  velocities  higher  than  12-15 
feet/second  an  auxiliary  boost  system  was  necessary  in  order  to 
attain  these  speeds  in  a  sufficiently  short  distance.  Using  the  ad¬ 
ditional  acceleration  provided  by  the  boost,  steady  state  velocity  of 
26  feet/second,  could  be  maintained  for  as  long  as  8  to  10  seconds  with 
ample  space  allowances  for  braking  at  the  end  of  the  run. 

The  problems  encountered  with  the  carriage  described  above  were 
partially  realized  even  before  the  static  tests  were  undertaken,  and 
work  was  undenray  in  developing  a  completely  different  carriage,  drive, 
and  control  system.  Accordingly,  the  time  period  between  the  static 
tests  and  the  1-D/F  tests  saw  the  completion  of  an  entirely  new 
carriage  system  which  was  given  its  initial  testing  in  the  1-D/F  tests. 
A  truly  comprehensive  discussion  of  this  carriage  is  beyond  the  scope 
of  this  report,  and  for  such  a  treatment  the  reader  is  referred  to 
Reference  3*  However,  a  brief  description  of  the  hydraulic  drive  and 
control  system  will  be  given  herein  to  point  out  solutions  to  the 
problems  encotintered  on  the  static  carriage  and  the  use  of  the  new 
carriage  in  the  1-D/F  tests. 

A  photograph  of  the  hydraulic  carriage  system  appearing  on  page 
h2  shows  the  vertical  boom  arrangement  for  accommodating  vertical 
translational  motion.  The  vertical  positioning  servo  mechanism  was 
not  used  in  either  of  the  tests  discussed  in  this  report  and  will  not 
be  discussed  herein.  A  full  treatment  of  this  component  can  be  found 
in  Reference  3* 

The  hydraulic  carriage  is  driven  by  a  30  horsepower  400  cycle 
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electric  motor  driving  a  1000  psi  variable -displacement  hydraulic  pump. 
Motive  power  is  treuismltted  by  a  hydraulic  motor  driving  a  single  knurled 
wheel  through  an  adjustable -ratio  gear  box.  Maximum  attainable  speeds 
with  this  system  are  above  80  feet/second,  corresponding  to  about  175 
feet/second  on  a  full  scale  aircraft  for  scale  factors  of  the  order  of 
1/5.  At  the  time  of  writing  this  report  acceleration  is  limited  only 
by  drive  wheel  traction  at  about  0.7g.^ 

Carriage  operation  is  controlled  by  a  choice  of  two  closed-loop 
servo  mechanism  arrangements,  one  for  carriage  velocity  and  the  other 
for  carriage  position.  Block  diagrams  for  these  two  loops  are  presented 
in  Figure.  13  along  with  their  respective  transfer  functions  and  magni¬ 
tudes  of  the  system  parameters.  Carriage  velocity  is  set  by  adjusting 
to  the  trim  speed  desired  and  control  is  maintained  by  the  inner 
loop  controlling  the  displacement  of  the  pump.  In  this  condition  the 
velocity  is  constant  by  virtue  of  the  constant  fluid  displacement  and 
hydraulic  motor  speed.  Any  irregularities  in  resistance  to  the  motion 
are  overcome  by  pressure  build-up  in  the  delivery  lines,  giving  a  re¬ 
sponse  chaaracterized  by  the  approximately  10  cps  natural  frequency  of 


1.  With  the  increased  carriage  performance  capability  it  became  feasi¬ 
ble  to  increase  the  length  of  track  available  for  testing.  Accordingly, 
in  the  period  from  11-26-58  to  11-10-59  the  track  and  building  were 
lengthened  from  the  450  feet  used  in  the  static  tests  to  750  feet.  The 
additional  length  was  not  available  for  the  1-D/f  tests,  and  indeed 
would  not  have  been  used  if  it  had  been,  due  to  the  exploratory  nature 
of  these  tests  with  the  new  drive  system.  Subsequent  test  programs  have 
made  very  profitable  use  of  this  extra  length,  and  as  many  as  3  cycles 
of  motions  with  seven  second  periods  have  been  measured  about  trim 
speeds  of  26  feet/second.  A  full  explanation  and  discussion  of  the 
current  problems  and  capabilities  of  this  carriage -track  system  is  to 
be  found  in  Reference  3 • 
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the  hydraulic  system  under  load.  In  tests  made  with  this  system  no 
significant  variations  from  steady  state  velocity  can  be  detected  in 
timed  runs  through  four  consecutive  25  feet  intervals. 

The  positioning  servo  mechanism  loop  used  in  the  1-D/F  tests  is 
shown  schematically  in  Figure  13,  In  this  configuration  the  carriage 
drives  itself  to  follow  the  horizontal  position  excursions  of  the 
model  mounted  on  the  error  link.  Descriptions  of  the  error  link 
system  are  given  in  Reference  2  and  3  and  so  will  not  be  included 
here,  but  a  schematic  drawing  of  the  horizontal  error  link  appears  on 
page  46  of  this  report.  It  is  of  interest  to  note  that  in  the 
system  as  depicted  in  the  block  diagram  of  Figure  13  no  provision  is 
made  to  supply  the  carriage  with  a  signal  proportional  to  the  steady 
state  component  of  the  model's  velocity.  Such  a  feature  was  omitted 
for  the  1-D/F  tests  since  the  flight  profile  of  transition  tests  is 
not  one  of  steady  velocity.  Little  difficulty  was  encountered  in 
allowing  a  steady  position  error  to  accumulate  as  the  model  velocity 
changed  dxiring  transition,  a  result  attributable  both  to  high  error 
position  gain  and  to  negligible  longitudinal  perturbation  of  the  model 
with  only  horizontal  freedom, 

INSTRUMENTATION 

One  of  the  major  problem  areas  associated  with  conducting  static 
tests  on  the  Forward  Flight  Facility  is  concerned  with  model  force 
and  moment  measuring  instrumentation.  The  difficulties  encountered 
arise  primarily  due  to  the  peculiar  nature  of  the  testing  facility, 
in  that  the  forces  to  be  measured  are  those  acting  on  a  moving  model 
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rather  than  on  one  with  the  flow  moving  past  it.  The  carriage  velocity 
during  a  static  run  is  held  quite  steady  as  far  as  effects  aerodynamic 
are  concerned.  However,  there  is  still  considerable  jostling  and 
shaking  of  the  model  due  to  small  track  irregularities  and  carriage 
hydraulic  drive  response.  Although  no  appreciable  effect  can  be  at¬ 
tributed  to  these  disturbances  when  the  model  is  free  for  dynamic 
2 

tests,  a  restrained  model  on  the  end  of  the  six-foot  horizontal  boom 
sees  these  accelerations  or  vibrations  as  forcing  inputs.  The  result 
is  that  if  the  model  is  suspended  on  conventional  strain  gage  measur¬ 
ing  devices,  considerable  noise  will  be  superimposed  on  the  steady 
state  force  signal.  This  section  is  concerned  primarily  with  the  at¬ 
tempts  made  to  surmount  the  carriage -vibration  noise  problem  in  the 
two  series  of  tests  under  consideration.  The  remaining  test  instru¬ 
mentation  involved  only  geared  d.c.  tachometers  used  to  measure 
carriage  velocity  and  rotor  RFM  and  d.c.  excited  potentiometers  for 
measuring  wing  tilt  and  horizontal  error  position.  The  sole  difficul¬ 
ty  experienced  with  any  of  these  devices  was  brush  noise  in  the  ta¬ 
chometers  -  a  problem  easily  solved  by  use  of  simple  R-C  filter  net¬ 
works  . 

The  first  approach  to  the  problem  of  vibration  noise  in  the  strain 
gage  system  involved  the  use  of  very  soft  beams  allowing  sizeable  de¬ 
flections  under  load.  The  resulting  finite  motions  were  then  damped 


2.  This  statement  is  completely  true  to  the  extent  that  small  pertur¬ 
bations  in  the  carriage  motion  in  no  way  effect  the  time  history  of  the 
model's  free  motion.  However,  horizontal  and  vertical  translational 
disturbances  can  impose  rather  severe  positioning  servo  mechanism 
stability  criteria  as  discussed  in  Reference  3- 
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by  Inclfdlng  oil-filled  bellows  arrangancnts  in  mrallel  with  the  spring 
of  sti’nin  gogc  beans.  A  schenatic  drawing  of  the  systen  iised  to 
noasnre  lift,  drag  and  pitchi ig  moment  is  presented  on  page  47.  Re¬ 


suite  I’sin^;  this  scheme  with  br.ttery-encited  gages  T/ere  compatible  with 
tlic  ncouracies  allored  by  other  parts  of  the  data-gathering  system,  with 
noise  in  the  lift  and  drag  readings  of  the  order  of  6  to  P,  per  cent  of 
full  scale  values,  ritcl'ing  nomer>t  readings  were  particularly  noise 
free,. duo  mostly  to  the  fine  balancing  of  the  model  about  its  supp.ort 
points  and  th^'  relative  abscr.ca  of  carriage  pitch-attitude  forcing. 


■'c'iso  levels  of  the  order  of  2  per  cent  were  easily  achieved  in  the 


both  1 
ir.;  '■  i 


g  ’ge  wit’-, 
inertial 

.ntc  r'.od cl 


'poit^  low  darpinr:  ratios,  whereas  the  i’.nbalanc cd, 
forces  reqi^ircd  large  Sf^pr.rcritical  damping  rrtlos  in 
rag.  In  order  to  translate  the  per  cent  telemeter  rea 
ferers.  th'^  following  calibrations  W''re  used: 


L  =  15.7  4  '.12'''  pounds 

b  =  (  .193  )(;'7)  poun-’E 

I.I  =  (  )(:'T)  foot  -  pounds 


It  shevd.’  ’a-  noto''!  that  th'  systems  dencrib'*'  do  nothing  to  al- 
l-a-7i;tc  a:,-  .'■iir.nvrte  th''  force  r'-'r'‘'ings  protue.ad  by  low  frequency 
vibr;  tionad.  or'’sXrrationc  of  the  model  by  the  carriage,  but  only  allow 
tl'.e  r  d-ativ  motior!"  pro'h^ced,  d^y  such  forcing  to  be  damped  out.  In 
g-noral,  e-acb  will  adavayc  be  the  case  as  long  as  the  suspension  spring 
i-  T.I  r  force  ncaauring:  device,  and  it  is  important  that  such  a  scheme 
not  be  conaidei--'d,  as  b-eing  a  nois''  filter  or  instrumentation  shock 
moujit.  A  uV'."'  noire  filter  for  the  configuration  tnider  consideration 
xrould  inved.v  an  int.  r-mediate  chock-iaountod  platform  between  the 
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carriage  and  the  model,  relative  to  vhich  the  forces  acting  on  the  model 
would  be  measured c  A  scheme  such  as  this  would  have  the  same  limitation, 
as  Ein  electrical  filtering  network  on  the  strain  gage  output,  in  that 
the  noise  spectrum  includes  too  many  sufficiently  low  frequencies  to 
permit  successful  attenuation  without  limiting  the  data-sensing  capa¬ 
bilities  .  A  preferable  and  mechanically  far  less  complicated  scheme 
was  attempted  in  the  1-D/F  tests  with  results  compromised  more  by  exe¬ 
cution  than  by  conception „ 

One  additional  remark  is  in  order  before  proceeding  to  the  1-D/F 
test  Instrumentation  discussion „  Elsewhere  in  this  report  reference 
is  made  to  the  soft  beams  used  in  the  pitching  moment  strain  gage  and 
to  the  resultant  moment -attitude  coupling  produced.  This  is  not  a 
serious  consequence  in  its  effect  on  the  validity  of  the  data,  but 
it  does  permit  small  changes  of  model  attitude  to  occur  between  sup¬ 
posedly  constant  velocity-varying  runs.  The  true  angle  of  attack 

may  be  determined  under  any  condition  by  applying  the  measured  pitch¬ 
ing  moment  to  the  beam  spring  rate  for  an  attitude  correction.  This, 
however,  complicates  the  data  reduction  procedure,  and  of  particular 
annoyance  is  the  loss  of  a  truly  constant  a^.  setting.  Either  of  these 
was  felt  to  be  sufficient  grounds  for  remedial  action  to  be  taken, 
and,  accordingly,  the  static  test  arrangement  v/as  modified  for  the 
1-D/F  tests. 

Instrumentation  i-equirements  in  the  1~D/F  tests  were  somewhat 
different  from  those  of  the  static  tests  in  that  no  horizontal  re¬ 
straint  was  desired  and  the  wing  was  not  fixed  in  position  but  allowed 
to  tilt.  On  page  IT  of  this  section  mention  is  made  of  the  compli¬ 
cations  Involved  in  restraining  the  model  in  pitch  during  transition 


2li. 


and  of  the  scheme  used  to  acccanpllsh  this.  Solutions  to  the  problems 
associated  with  a  soft  pitching  moment  beam  were  made  possible  throoj^ 
the  provision  of  additional  Instrumentation  equlfnent  -  a.c.  -  excited 
strain  gage  carrier  amplifiers.  Use  of  an  amplified  S-0  output  signal 
allowed  a  vast  Increase  in  the  stiffness  of  the  pitch  beam  at  the  ex¬ 
pense,  however,  of  motions  large  enough  to  permit  damping.  It  was 
found  in  the  1-D/F  tests  that  with  a  sufficiently  well-balanced  model, 
it  is  not  necessary  to  damp  the  pitching  freedom,  and  these  tests  were 
conducted  without  benefit  of  any  damping.  The  direct  pitching  moment 
data  obtained  in  these  tests  exhibited  no  noise  that  could  be  directly 
attributed  to  carriage  vibratory  excitation  of  the  model. 

The  only  remaining  longitudinal  force  to  be  measured  during  the 
transition  runs  is  lift,  or  vertical  force.  This  is  probably  the 
most  difficult  freedom  to  instrument,  in  that  small  variations  in  a 
rather  large  force  are  desired,  and  normal  excitation  of  the  model  by 
track  and  carriage  disturbances  cein  be  quite  severe.  The  first  of 
these  problems  was  avoided  in  the  static  tests  by  engaging  the  lift 
beam  only  after  the  model  was  lifting  its  own  weight  less  the  equiva¬ 
lent  of  half  of  the  full  scale  reading.  This  procedure  allowed  euiy 
desired  sensitivity  with  ^0  per  cent  output  when  the  model  was  lifting 
gross  weight.  Carriage  normal  excitation  is  a  severe  problem  and  an 
attempt  was  made  to  eliminate  these  inputs  by  counter -balancing  the 
model  in  such  a  way  that  normal  accelerations  of  the  end  of  the  boom 
would  produce  no  strain  in  the  lift  beam  gages .  The  schematic  presen¬ 
tation  on  page  kS  depicts  a  system  which  gave  significant  alleviation 
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of  the  signal  noise  due  to  vibration,  but  whose  performance  was  limited 
by  its  own  failings .  The  use  of  gears  for  increasing  mechanical  ad¬ 
vantage  and  of  ball  bearings  for  the  large -load  small -motion  pivots  re¬ 
sulted  in  large  amounts  of  static  friction  in  this  system „  Both  of 
these  components  were  used  for  expediency  in  these  evaluation  tests 
and  performed  sufficiently  well  to  indicate  that  the  technique  has 
merit  worthy  of  further  examination  and  exploitation „ 

DATA  LINK 

In  order  to  monitor  and  record  the  test  information  in  a  permanent 
and  reproducible  form  the  Forward  Flight  Facility  Is  provided  with  a 
radio  telemeter  system  with  magnetic  tape  recorder.  This  arrangement 
circumvents  the  necessity  of  equipping  the  moving  carriage  with  record¬ 
ing  devices  which  might  prove  to  be  sensitive  to  the  vibrations  and 
accelerations  encountered  during  running,  or  to  the  extremes  of  temper¬ 
ature  and  humidity  experienced  in  year-round  testing  on  the  non -air- 
conditioned  track.  In  addition,  such  a  scheme  permits  quantitative 
monitoring  of  testing  in  progress  while  simultaneously  recording  the 
information  on  magnetic  tape . 

The  ASCOP  telemetering  unit  handles  45  channels  of  information, 

43  of  which  are  available  for  data,  the  remainder  being  used  for 
synchronization  purposes.  In  operation  the  various  channels  of  d.c. 
information  are  applied  to  the  poles  of  a  rotating  commutator  switch, 
each  of  which  is  sampled  20  times  per  second.  The  d.c  value  of  each 
sample  is  then  coded  into  a  pulse  duration  which  is  transmitted  to  the 
ground  by  a  pulse  width  modulation  of  the  transmittei-  carrier  frequency. 


Th«  incoming  signal  is  recorded  in  this  form  on  one  channel  of  an  AI^IPEX 
two-channel  magnetic  tape  recorder,  the  other  recorder  channel  is  avail¬ 
able  for  audio-information  records.  The  signal  is  also  simultaneously 
decoded  and,  with  the  help  of  the  two  synchronization  channels,  decommu- 
tated,  whence  it  can  be  read  as  43  channels  of  d.c.  information.  Visual 
monitoring  of  the  incoming  data  is  possible  by  means  of  an  oscilloscope 
which  presents  the  decommutated  but  still  pulse-width  coded  information 
as  43  vertical  lines,  the  height  of  which  is  proportional  to  the  d.c. 
data  voltage  applied.  A  photograph  on  page  49  shows  the  tape  record er, 
telemeter  ground  station  and  a  Sanbome  recorder  in  operation.  In  this 
picture  the  three  simultaneous  monitoring  and  recording  processes  - 
magnetic  taping,  scope  presentation,  and  recorder  graphing  -  can  he 
seen. 

i\nother  interesting  and  valuable  feature  of  this  telemetering 
system  is  an  automatic  calibration  scheme  which  adjusts  all  data 
channels  in  proportion  to  a  full  scale  reference.  By  supplying  all 
strain  gage  and  potentiometer  excitation  voltages  from  the  same  source 
as  the  full  scale  reference  voltage,  any  change  in  the  level  of  the 
power  supply  is  compensated  for  automatically.  With  this  system  in 
operation,  however,  any  independently  supplied  or  absolute  reading 
channels,  such  as  a.c.  excited  gages  or  tachometers  respectively, 

BTust  be  separately  monitored  by  replaying  the  tape  without  automatic 
correction. 

The  airborne  information  coding  device  used  in  the  static  test 
program  required  a  d.c.  injnit  signal  of  only  ♦7,5  millivolts  for  full 
scale  reading  on  the  groxmd.  This  "low  level"  system  allowed  the 
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direct  use  of  strain  gage  outputs  without  amplification,  using  battery- 
supplied  excitation  voltages  of  between  12  and  48  volts.  With  the 
battery  power  supply  the  automatic  calibration  feature  proved  to  be 
quite  valuable,  and  no  difficulty  was  experienced  in  maintaining  con¬ 
stant  sensitivity.  The  two  tachometers  used  to  measure  model  fi 
and  carriage  velocity,  were  intended  only  as  monitoring  devices  and 
hence  their  effectiveness  was  not  compromised  by  small  changes  in  gain 
due  to  the  compensation  process.  Absolute  magnitude  of  model  was 

established  by  use  of  a  strobotach  and  the  carriage  velocity  was  ob¬ 
tained  by  clocking  each  run  over  four  measured  intervals. 

The  low  level  system  exhibited  the  very  undesirable  characteristic 
of  large  amounts  of  switching  noise  in  the  transmitted  data.  This 
proved  to  be  a  rather  fundamental  problem  in  that  the  switching  noise 
level  was  essentially  independent  of  signal  level  and  seemed  to  be  of 
the  order  of  0,5  to  1,5  millivolts.  Magnitudes  of  this  order  resulted 
in  from  3  to  10  per  cent  noise  in  the  recorded  signal,  depending  on 
the  particular  channel  and  the  length  of  time  the  commutator  had  been 
running.  The  obvious  solution  to  this  problem  was  to  increase  the 
signal  level  since  switching  noise  was  apparently  not  a  strong  function 
of  the  applied  voltage. 

Accordingly,  for  the  1-D/F  tests  the  telemeter  was  modified  to 
operate  with  signal  levels  of  0«5  volts  applied  at  the  commutator,  and, 
as  expected,  switching  noise  was  virtually  undetectable.  The  "high 
level"  telemetering  system  gave  excellent  results  in  these  tests,  but 
some  additional  complications  resulxed  since  amplifiers  were  now  re¬ 
quired  on  the  strain  gage  outputs.  As  noted  in  another  section,  the 
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use  of 
aod  the 
cations 


sarrier  amplifiers  allowed  the  S/G  beams  to  be  made  stiffer, 

resulting  net  benefits  more  than  compensated  for  the  compli- 
involved. 
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Figure  1 

INTERIOR  OF  TRACK 
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Figlire  2 

MODEL  FOR  ONE  DEGREE  OF  FREEDOM  TESTS 
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TABLE  I 


PHYSICAL  CHARACTERISTICS  OF  MODEL 


AND  FULL  SCALE  AIRCRAFT 


^  Model  (scaled  up) 

5 '.2 


Full  scale 


Gross  weight  3150  lb. 


Center  of 


Gravity 


2450  slug-ft.2 
310  rad/sec. 
33-1^  m.a.c. 


11.2  inches  below 


3150  -  3^50  lb. 

2U50  -  2680  slug-ft.' 
~  310  rad/sec . 

33 .75(  m.a.c , 

12.2  inches  below 


wing  pivot 


wing  pivot 


General  layout  and  model  blade  and  hub  characteristics  are  essentially 
identical  to  those  of  the  full  scale  machine. 


Figure  4 

ROTOR  BLADE  CONSTRUCTION 
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Figure  5 

DETAIL  OF  WING  CONSTRUCTION 
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Figure  6 

DETAIL  OF  COLLECTIVE  PITCH  ACTUATOR 
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Figure  J 

TAIL  PITCH  FAN  AND  SPOILER 
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Fig.  8 


Figure  10 

MAGI'JETIC  CLUTCH  CARRIAGE  WITH  STATIC  TEST  MODEL 

ij-0 


M^snetic  Fluid  Clutch  T 


Fig.  11 
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Figure  12 

HYDRAULIC  CARRIAGE 
h2 


43 


Fig.  l’+ 


ScU^^M^XlC  OF  Oke  DesCGE  of  FitEDOtA 

Test  Xm  steumentati  on 
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Figure  I7 

DATA  RECEIVITJG  AND  RECORDDJG  EQUIPMENT 
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CONCLUSIONS  AND  RECOMMENDATIONS 


TEST  IftUIPMIWT 

Considerable  experience  was  accumulated  in  the  static  and  1-D/F 
tests  concerning  the  operation  of  the  equipnent  used.  More  important, 
however,  is  the  information  obtained  about  the  suitability  and  adequacy 
of  the  existing  equipment  and  the  determination  euad  possible  solutions 
of  particular  problems  associated  with  this  equipment.  In  this  respect 
the  tests  considered  were  unqualified  successes. 

In  a  novel  and  flexible  Facility  such  as  the  Forward  Flight  Facili¬ 
ty,  it  is  always  difficult  to  determine  absolutely  the  suitability  of 
the  various  components  for  the  tasks  that  might  be  expected  of  them. 
However,  the  ability  of  the  equipment  to  perform  particular  functions 
can  be  assayed  and  a  fair  evaluation  determined.  The  following  con¬ 
clusions  and  recommendations  are  concerned  with  the  performance  of  the 
test  equipment  in  accomplishing  static  and  1-D/F  longitudinal  dynamic 
tests . 

l)  The  hydraulic  powered  carriage  used  in  the  1-D/F  tests  is  com¬ 
pletely  adequate  for  all  static  and  dynamic  tests  anticipated 
for  the  Forward  Flight  Facility. 

a)  All  problems  encountered  with  the  magnetic  clutch  carriage 
used  in  the  static  tests  were  completely  eliminated  with  ■ 
the  advent  of  the  hydraulic  carriage. 

b)  The  capabilities  of  the  hydraulic  carriage  in  the  per¬ 
formance  of  dynamic  tests  were  demonstrated  in  the  1-D/F 
tests  to  be  entirely  sufficient. 
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2)  The  tirt;--wing  model  used  was  an  accurate  simulation  of  the 
full  scale  aircraft  and  possessed  all  the  necessary  features 
required  for  dynamic  similitude «  No  vibration  problems  were 
encountered  in  the  drive  or  rotor  system,  and  a  minor  change 
in  rotor  fabrication  technique  eliminated  problems  associated 
with  providing  blade  twist, 

a)  Of  primary  importance  in  the  fabrication  of  models  such 

as  the  one  under  consideration  is  obtaining  a  rigid  light¬ 
weight  structure.  This  was  successfully  accomplished  in 
the  modified  model  used  in  the  1-D/F  tests. 

b)  Provision  of  powered  model  controls  is  an  enormously  time¬ 
saving  feature,  and  should  be  incorporated  wherever  possible. 
It  is  an  absolute  necessity  for  the  controls  used  to  apply 
inputs  in  dynamic  tests  to  be  powered  and  to  have  very  fast 
response, 

c)  The  pitching  moment  restraint  provided  for  the  1-D/F  tests 
was  adequate  for  the  range  of  wing  incidences  tested,  but 
was  reaching  its  effective  limits  at  the  lower  wing  angles. 

A  driven  restraint  similar  to  the  one  proposed  in  Figure  9  (b) 
is  recommended  for  future  testing  in  the  complete  transition 
envelope. 

d)  Serious  consideration  should  be  given  to  the  problem  of 
instrumenting  tne  rotor  shafts  to  measure  rotor  forces  and 
moments  independent  of  wing  and  fuselage  contributions. 

Such  instrumentation  would  provide  valuable  information 
in  both  static  and  dynamic  testing  programs. 


e)  Little  additional  design  or  fabrication  effort  would  be 
required  to  modify  the  present  V-76  model  to  provide 
lateral  and  directional  control.  Addition  of  a  yaw  fan, 
rudder  and  differential  collective  pitch  control  should 
be  considered  to  render  the  model  suitable  for  6  -  degrees 
of  freedom  testing. 

3)  Several  solutions  to  the  problems  of  instrumenting  the  model 
with  force  measuring  devices  which  would  be  Insensitive  to 
carriage -produced  vibrational  inputs  were  attempted  in  the 
two  sets  of  tests .  These  attempts  were  met  with  varying  de¬ 
grees  of  success,  but  in  both  tests  the  strain  gage  instru¬ 
mentation  performance  was  adequate  to  allow  all  information 
to  be  read  to  within  4  per  cent  of  the  full  scale  value. 
Pitching  moment  readings  were  particularly  noise-free  due  to 
model  balancing  and  could  easily  be  resolved  within  2  per 
cent  of  the  full  scale  telemeter. 

It  is  felt  that  a  ccanplete  solution  to  the  problem  of 
vibration  noise  could  be  achieved  with  a  scheme  very  similar 
to  that  used  on  the  vertical  force  gage  in  the  1-d/F  tests. 

The  undesirable  static  friction  produced  by  the  gears  and 
bearings  could  be  eliminated  by  the  use  of  torsional  spring 
pivots  and  lever  arms .  Any  desired  damping  could  be  easily 
supplied  at  the  geared  up  counter  weight  where  the  motions 
are  sufficiently  large  and  force  requirements  small.  With 
such  a  system  virtually  any  desired  sensitivity  and  signal 
to  noise  ratio  could  probably  be  easily  achieved  in  all  force 
measurements . 
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4)  The  data  link  consisting  of  the  ASCOP  telemetering  unit  and 
Ampex  magnetic  tape  recorder  adequately  accomplished  the  task 
of  presenting  and  recording  the  test  information.  The  flexl- 
■bllity  of  this  system  in  recording  and  monitoring  the  test  data 
as  well  as  its  automatic  ccsnpensation  feature  proved  to  be  valu¬ 
able  assets  in  conducting  these  tests.  Use  of  the  high-level 
coding  system  in  the  1-D/F  tests  successfully  eliminated  the 
problems  experienced  in  the  static  tests  with  excessive  switch¬ 
ing  noise  in  the  transmitted  data. 


TESTING  TECHNIQUES  AND  PROCEDUKEB 


TESTING  TECHNIQUES  AMD  PROCEDURES 


Testing  with  a  new  and  unique  type  of  apparattis  such  as  the  For¬ 


ward  Flight  Facility,  requires  development  of  new  techniques,  as  well 
as  new  equipment.  It  is  of  primary  importance  that  the  testing  tech¬ 
niques  and  procedures  employed  in  conducting  tests  he  compatlhle  with 
the  capahllltles  of  the  equipment  used,  and  that  Improvements  made  in 
one  area  he  complimented  hy  advances  in  the  other.  Failure  to  ac¬ 
complish  contemporary  development  in  techniques  and  equipment  will 
inevitably  result  in  inefficient  if  not  ineffective  operation.  It  is 
the  purpose  of  this  section  to  discuss  the  testing  techniques  and  pro¬ 
cedures  used  in  the  tests  under  consideration,  and  to  Indicate  the  diffi¬ 
culties  and  limitations  encountered.  More  importantly,  recommenxiations 
are  made  to  the  end  of  eliminating  some  of  these  shortcomings,  not  only 
for  the  types  of  tests  considered  herein,  hut  also  for  future  tests 
anticipated  for  the  Facility. 

The  static  tests  discussed  in  this  report  were  conducted  hy 
measuring  the  steady  longitudinal  forces  and  moment  acting  on  a  model 
moving  at  constant  velocity  and  attitude  through  still  air.  The  major 
variables  considered  in  these  tests  were  horizontal  velocity  and  model 
pitching  attitude,  or  since  vertical  velocity  was  not  allowed,  angle 
of  attack.  In  conducting  tests  of  this  nature  on  a  powered  model  of 
a  ftill  scale  aircraft,  it  is  desirable  that  the  flight  conditions  con¬ 
sidered  he  within  the  flight  envelope  of  the  actual  aircraft.  In  par¬ 
ticular,  it  is  important  that  the  variations  made  in  the  flight  pai’ame- 


ters  in  order  to  obtain  static  deri-'/atlves  he  referenced  to  an  actual 


scaled  x.rim  conditiono  Obtaining  the  trim  condition  involves  scaling 
not  only  forces,  moments  and  velocities,  but  also  the  rotor  operating 
conditions „  Accurate  model  design  and  scaling  as  discussed  in  Ap¬ 
pendix  C  automanically  achieve  the  necessary  relations  of  rotor 
operating  conditions  provided  the  trim  conditions  are  arrived  at 
properijo  The  method  used  in  the  static  tests  was  to  assume  that 
the  rotor  operated  at  essentially  constant  rotational  speed  and  to  ac¬ 
complish  trim  changes  by  varying  rotor  collective  pitch.  Careful  choice 
of  gearing  in  the  model  rotor  transmission  allowed  the  above  aim  to  be 
achieved  without  adjusting  the  excitation  voltage  on  the  model  rotor,. 

A  "Jery  laborious  and  time-consuming  process  was  required  to  de¬ 
termine  the  aofual  trim  condition  for  any  given  wing  and  fuselage  atti¬ 
tude,  The  rrocedure  followed  was  to  set  wing  incidence  for  the  particu¬ 
lar  condition  to  be  examined,  fix  the  fuselage  attitude  at  s  0, 
and  make  repeated  runs,  adjusting  rotor  collective  pitch  and  carriage 
velocity  uritu  vertical  force  equalled  the  desired  model  gross  weight 
and  net  drag  equalled  zero.  Since  in-flight  control  of  collective 
pitch  was  ViOK  provided,  this  iterative  process  proved  to  be  quite  in¬ 
efficient  and  required  from  four  to  ten  runs  to  establish  a  trim  condi¬ 
tion,  Once  the  trim  condition  was  established,  repeated  runs  were 
made  varying  fuselage  attitude  at  constant  velocity,  and  varying  ve¬ 
locity  ata^  K  0,  Each  individual  run  produced  one  set  of  values  of 
L,  D  and  1,1  as  plotted  in  Figures  21  through  27.  A  power-on  zero-ve¬ 
locity  point  was  taken  at  the  beginning  and  end  of  each  run,  the  re¬ 
sulting  values  being  presented  in  Figure  20,  After  the  trim  condition 
had  been  established  and  examined,  runs  were  made  to  determine  an 
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accelerated  "trim"  condition.  For  these  cases  the  wing  incidence, 
fuselage  attitude  and  L  =  W  were  kept  constant,  but  an  unbalance  in 
longitudinal  force  was  allowed  simulating  the  airplane  in  some  phase 
of  transition.  This  was  accomplished  by  setting  the  carriage  velocity 
above  or  below  the  zero  drag  trim  value  and  adjusting  collective  pitch 
on  successive  runs  until  the  vertical  force  condition  was  satisfied. 

The  accelerated  conditions  sought  were  D  =  +  .25L,  but  variations  in 
the  resulting  values  were  allowed  in  view  of  the  difficulties  described 
above  in  the  iterative  process.  In  all  cases,  however,  the  resulting 
accelerated  condition  closely  approximated  an  actual  condition  to  be 
encountered  in  some  phase  of  full  scale  treuisitlon.  A  procedure  identi¬ 
cal  to  that  followed  in  the  trim  cases  was  employed  to  investigate  the 
variations  in  model  forces  about  the  accelerated  trim  condition  es¬ 
tablished. 

Changes  in  air  density  due  to  atmospheric  condition  variations 
exerted  little  influence  on  the  ability  to  maintain  trim  conditions 
once  established.  Obviously  large  changes  in  density  would  have 
caused  rotor  thrust  variations  sufficient  to  destroy  the  L  =  W  trim, 
however,  effort  was  made  to  complete  the  testing  of  any  trim  condition 
quickly  enough  so  that  no  significant  variation  in  atmospheric  con¬ 
ditions  could  occur.  Day  to  day  variation  in  pressure  and  tempera¬ 
ture  were  recorded,  and  all  data  was  corrected  to  standard  conditions . 

Execution  of  the  1-D/F  tests  involved  far  simpler  procedures  than 
those  required  for  the  static  tests.  The  basic  change  of  allowing  the 
model  to  assume  Its  own  flight  condition  greatly  reduced  the  testing 


complexities  Involved,  as  the  only  prerequisite  to  running  was  the 


establishment  of  hovering  trim.  Addition  of  remotely  controlled  col¬ 
lective  pitch  emd  wing  incidence  adjustments  allowed  hover  to  be  at¬ 
tained  very  quickly  at  the  beginning  of  each  run. 

Once  hover  had  been  established,  the  carriage  positioning  servo¬ 
mechanism  and  the  wing  tilt  drive  motor  were  set  into  operation.  As 
the  wing  was  driven  downward  from  the  hovering  condition  at  constant 
collective  pitch,  the  model  accelerated  and  the  carriage  followed. 

Model  vertical  force  and  pitching  moment  were  measured  by  the  re¬ 
straining  strain  gage  beams  and  recorded  on  the  ground.  Runs  pro¬ 
ceeded  in  this  manner  until  the  wing  reached  a  lower  limit  switch 
idiich  was  preset  to  either  stop  or  reverse  the  motion  of  the  wing. 
Repeated  runs  were  made  in  both  conditions,  the  wing  being  set  to  stop 
or  reverse  in  various  positions  during  its  travel.  Following  the  ces¬ 
sation  of  wing  motion,  the  model  was  allowed  to  decay  to  its  natural 
horizontal  trim  speed,  which,  in  the  case  of  a  wing-tilt  reversed  run, 
was  the  hovering  condition  previously  determined  and  marked  by  an 
upper  limit  switch. 

The  only  difficulty  experienced  in  the  actual  testing  procedures 
followed  was  associated  with  the  rotor  downwash  recirculation  in  hover. 
Previous  experience  with  this  phenomenon  had  been  encoxmtered  in  the 
tests  discussed  in  Reference  2,  and  a  similar  solution  was  applied.  A 
downwash  deflector  was  provided  to  divert  the  rotor  slipstream  along 
the  logitudinal  axis  of  the  building  and  so  delay  the  Inception  of  its 
effects.  The  primary  effect  noted  with  the  VTOL  model  was  a  gradual 
decay  in  rotor  thrust  due  to  increased  Inflow.  This  effect  was  more 
pronounced  on  the  VTOL  model  than  on  the  helicopter  model  of  Reference  2, 
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probably  due  to  the  higher  induced  velocities  assoX'iatei  vJith  the 
higher  disk  loading.  Associated  with  the  lower  r':a::s  flow  but  higher 
velocity  downwash  of  the  more  heavily  leaded  VTOI.  rotor  v’as  a  slight 
decrease  in  the  time  required  for  the  effects  to  become  manifest  along 
with  a  relative  decrease  in  recirculation  energy  due  to  dissipation  in 
the  higher  velocity  flow.  With  the  deflector  in  place ^  hovering  times 
of  the  order  of  20  seconds  were  permissible  without  noticeable  recircu¬ 
lation  effects. 
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CONCLUSIONS  AND  RBCOMMEtJDATIONS 


TESTING  PROCEDURES 

The  testing  techniques  discussed  proved  to  be  satisfactory  and 
adequate  for  the  successful  completion  of  the  desired  test  objectives. 
Of  notable  significance  is  the  demonstrated  ability  to  conduct  steady- 
state  force  and  moment  measuring  investigations  in  the  low  speed  flight 
regime.  The  Important  requirements  of  steady  and  undisturbed  flow  con¬ 
ditions  necessary  for  such  tests  were  easily  satisfied  by  the  technique 
of  moving  the  model  through  still  air. 

Real  scale-time  transitions  were  conducted  with  little  effort  and 
no  requirement  for  providing  in-flight  control  of  the  model.  This  is 
a  very  important  consideration,  in  that  exact  quantitative  measurements 
of  the  aircraft  behavior  were  made  without  the  effects  of  extraneous 
control  inputs.  The  dlfficolty  encountered  with  hovering  recirculation 
was  satisfactorily  dealt  with,  provided  hovering  times  were  kept  suf¬ 
ficiently  brief.  It  is  Important  to  note  that  this  phenomenon  was  not 
a  wall  or  ground  proximity  effect,  but  rather  was  associated  with  the 
availability  of  a  finite  supply  of  undisturbed  air  within  the  confines 
of  the  building. 

Although  the  desired  ends  were  attained  with  the  testing  pro¬ 
cedures  employed,  considerable  Improvements  and  modifications  can  be 
recommended  concerning  the  means  by  which  the  test  objectives  were  a- 
chleved.  The  recommendations  that  follow  should  be  considered  to  be 
applicable  not  only  to  the  types  of  tests  considered  herein,  but  also 
to  other  types  proposed  for  the  future. 
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1.  Worthy  of  primary  consideration  are  improvements  in  the  methods 
of  determining  model  trim  conditions.  For  this  purpose  it  would  be  ex¬ 
tremely  advantageous  to  provide  inflight  control  of  the  model  collective 
pitch  and  possibly  the  moment  trimming  control.  With  these  proylslons, 
it  would  be  possible  to  use  the  following  capability  of  the  carriage 
positioning  servomechanism  to  allow  the  model  to  establish  Its  own  trim 
velocity,  while  the  vertical  trim  is  made  through  collective  pitch  ad¬ 
justments.  An  Interesting  corollary  to  such  a  scheme  would  be  to  pro¬ 
vide  a  constant-altitude  autopilot  operating  on  the  collective  pitch 
adjustment.  Any  combination  of  model  vertical  acceleration,  velocity, 
or  position  could  be  readily  sensed  and  used  as  a  signal  to  a  simple 
feedback  network  to  control  altitude,  and  little  difficulty  is  antici¬ 
pated  in  achieving  stability  so  long  as  the  model  is  restrained  in  its 
pitching  freedom.  With  such  a  system  in  operation,  complete  longitudi¬ 
nal  trim  could  be  established  in  one  run  with  the  additional  capability 
of  ground  monitoring  and  control  of  aircraft  pitching  moment.  The 
trimming  capability  provided  would  be  in  operation  only  during  prelimi¬ 
nary  runs  and  would  greatly  reduce  the  number  of  runs  required  to  a- 
chleve  trim  for  both  static  and  dynamic  testing. 

2.  Once  model  trim  has  been  established,  considerable  time  could 
be  saved  in  the  actual  performance  of  static  tests  through  the  use  of 
programmed  runs.  Using  this  method  would  Involve  providing  a  program¬ 
med  control  of  carriage  velocity  so  that  the  actual  run  would  consist 
of  a  staircase  velocity  profile  with  as  many  as  five  different  steady 
velocities  examined.  A  simple  stepping  switch  in  the  inner-loop  con¬ 
trol  setting,  Vq,  would  cause  the  carriage  to  travel  at  velocities 
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\\'h:i.c'n  are  specified  increments  above  and  below  the  previously  determined 
trim  velocity,,  In  this  manner  one  run  would  provide  all  the  required 
information  on  the  change  of  variables  with  velocity  about  the  trim  con- 
ditiorio  Similar  runs  could  be  made  at  various  fuselage  attitude  settings, 
thereby  providing  a  complete  investigation  of  the  significant  static  de¬ 
rivatives  about  a  trim  condition  in  a  minimum  number  of  runs, 

3,  The  problem  of  downwash  recirculation  is  not  of  significant 
Importance  except  perhaps  in  experiments  requiring  long  and  precise 
measurements  of  aircraft  behavior  in  the  hovering  condition.  Transient 
oscillations  of  models  about  the  hovering  condition  are  not  seriously 
affected  by  this  phenomenon,  in  that  the  rotor  mass  flow  demands  are 
distributed  through  a  large  volume  of  the  building  due  to  the  trans¬ 
lational  excursions  of  the  model.  However,  experiments  intended  to 
examine  the  actual  free-air,  but  in  ground  proximity,  behavior  of  an 
aircraft  hovering  for  extended  periods  would  require  provisions  for 
an  unlimited  supply  of  undisturbed  air.  Such  a  requirement  could 
probably  be  easily  satisfied  by  venting  the  upper  portions  of  the 
xtack  enclnsure,  and  allowing  an  outside  exhaust  of  the  downwash  at 
floor  level  on  the  sides  of  the  building.  In  such  a  system  consider¬ 
ation  should  be  given  to  the  possibilities  of  gust  interference  from 
outside  wind  conditions,  and  proper  baffling  would  be  a  necessity. 
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EXPERIMENTAL  DATA  REDUCTION 


PRESENTATION  AND  ANALYSIS 


The  experimental  data  gathered  in  the  tests  under  consideration 
are  presented  on  pages  7I  through  89  of  this  report.  The  first 
two  sets  are  the. direct  results  of  the  static  and  1-D/F  tests,  while 
the  last  group  is  an  extrapolated  presentation  of  trim  conditions  ob¬ 
tained  from  cross -plotting  the  experimental  data.  Static  tests  were 
conducted  in  the  tail -off  configuration  only  in  order  to  eliminate 
the  unknown  contribution  of  stabilizer  and  pitch  fan  from  the  analy¬ 
sis  of  the  wing  and  rotor  effects.  The  tail  lift  and  drag  forces 
from  these  omitted  parts  would  not  greatly  affect  the  trim  conditions 
acquired,  but  their  moment  contributions  would  make  a  component  break¬ 
down  very  difficult.  Test  conditions  were  established  so  as  to  corre¬ 
spond  to  actual  flight  conditions  of  a  full  scale  aircraft  in  trim  and 
various  phases  of  transition.  This  means  that  the  accelerated  and  de¬ 
celerated  flight  conditions  at  the  same  1.^  as  an  unaccelerated  condition 
do  not  occur  necessarily  at  the  same  velocity,  but  rather  keep  constant 
vertical  force  or  gross  weight.  This  makes  it  Impossible  to  evaluate 
directly  the  effects  of  acceleration  in  a  partial  derivative  sense,  but 
gives  instead  the  total  characteristics  of  accelerated  flight  conditions. 
The  Importance  of  such  tests  lies  in  the  determination  of  the  conditions 
of  accelerated  flight  as  a  prelude  to  dynamic  tests  at  a  later  date  and 
in  giving  directly  the  character  of  the  full  scale  machine  in  transition. 

The  static  test  results  are  presented  in  Figures  20  through  27 
about  both  a  wind  and  a  body  axis  system;  all  the  forces,  moments,  and 


velocities  indicated  are  in  the  model  scale  as  measured.  It  should 
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be  noted  that  all  forces  and.  raoments  are  resolved  about  an  aoris  system 
Vith  origin  at  the  full  scale  aircraft's  e.g.,  the  position  of  vhiich  is 
a  function  of  ivlng  incidence.  As  depicted  in  Figure  5  the  pivot  poJ.nt 
of  the  r3.cdel  is  moved  in  such  a  fashion  as  to  permit  it  to  follow  the 
c.g.  shift  as  the  wing  rotates,  thereby  eliminating  the  necessity  of 
an  axis  system  transfer  l:i  the  .reduction  of  the  data.  TOils  positioning, 
.is  not,  of  com’se,  a  necessity  for  static  testi.ng  as  axis  transfe.rB 
can  be  accomplished  with  little  effort.  .However,  dynamic  testing  re- 
(3.uires  that  the  model  be  suspended  at  its  c.g.  at  a.ll  times  and  this 
model  was  designed  for  both  types  of  tests. 

The  static  data  as  prese.nted  has  been  corrected  to  standard  condi¬ 
tions  of  atriospheric  pressure  and  temperature,  as  well  as  for  the  angle 
of  attack  change  d’ue  to  finite  deflection  of  the  pitching  moment  strain 
gage. 

Measured  pitching  moments  in  constant  angle  of  attack  runs  where 
velocity  ;1.3  the  -variable,  are  6on).ewhat  in  er.ror  depending  upon  the  magni¬ 
tude  of  ,  the  variation  of  the  mom.ent  with  ang-le  of  attack.  These 

runs  were  made  with  constant  angle  of  attack  settings  at  V  =  0  and  no 
attempt  -was  .made  to  compensate  for  -the  spurious  moment  contributed  by 
the  a  variation  due  to  the  0,5^/feet  -  pound  spring  rate  of  the 
pitching  mcjiD.snt  beam,  since  in  most  cases  was  of  negligible  magni¬ 

tude.  AIJ.  s'batic  test  data  reduction  and  correction  was  carried  out 
on  an  .IH'J.  6l0  Digital  Compute.r,  follcwl.rig  a  standard  program  established 
for  such  data  reduction.  The  1-D/F  data  rSjductlon  and  correction  was 
accomplished  by  transferring  point  by  point  i-eadings  from  the  recorder 
trace  in  per  cent  full  scale  to  the  desired  plots  with  proportional 
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dividers .  This  proved  to  be  a  rather  laborious  procedure  and  one  that 
could  be  profitably  improved  upon  by  processing  the  telemeter  trans- 
later  output  in  an  analog  computer  . 

A  detailed  discussion  of  the  static  data  itself  will  be  deferred 
until  the  theoretical  developments  have  been  disbussed  and  some  in¬ 
sight  has  been  gained  into  the  causes  of  the  various  effects.  How¬ 
ever,  several  points  can  be  noted  here  pertinent  to  the  interpretation 
of  this  data.  The  scales  used  in  the  presentation  of  Figures  j20 
through  27  are  compatible  with  the  accuracy  of  measurement  of  the 
various  quantities .  The  apparent  scatter  in  the  a  -varying  points 
is  due,  in  the  most  part,  to  mis-matching  of  velocity  to  the  trim 
value.  The  cur'/es  are  not  faired,  therefore,  on  the  basis  of  average, 
mean,  or  r.m.s.  value  of  the  data  points,  but  rather  in  such  a  manner 
as  to  show  the  variation  of  the  quantity  at  the  constant  velocity  in¬ 
dicated.  Other  scatter  and  difficulties  in  repeating  points  can  be 
attributed  to  resolution  of  telemeter  noise  with  the  low-level  teleme- 
tery  system,  carriage  excitation  of  the  unbalanced  mass  of  the  model, 
and  in  some  Instances,  partial  and  intermittent  wing  stall.  The  first 
two  effects  are  discussed  in  some  detail  on  pages  28  and  22  of 
Rart  I,  while  the  possibility  of  partial  wing  stall  is  considered 
along  with  the  discussion  of  the  theoretical  development. 

Some  of  the  primary  objectives  in  the  1-D/f  tests  were  to  evalu¬ 
ate  new  instrumentation,  the  hydraulic  carriage,  a  high-level  teleme¬ 
tering  system,  and  the  ability  to  conduct  transition  tests  on  the 
Facility.  ‘These  various  facets  are  discussed  elsewhere  in  this  report. 
Actually,  the  determination  of  particular  information  on  this  model 
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was  considered  secondary  to  checkinc  out  the  above  Lteiiic  a.a;;.  thei-eJ.'ore 
oal„  a  few  re  ).reseiitative  runs  have  been  presented  in  FL,iin'e>,  28 
throu.;h  33-  Cn  ;.articularj  It  should  be  noted  that  the  absolute  uia.gnL- 
tude  of  the  lift  values  is  somewhat  in  question  due  to  the  i.ia.aner  in 
whicli  hovering  lift  vras  determined.  In  order  to  a.scertain  the  gage 
reading  when  the  model  wa.s  lifting  i.ts  own  weight  (hovering  condition) 
a  calibrated  weight  was  hung  on  the  counter- balance  arm  so  the  un¬ 
loaded  reading  of  the  gage  could  be  checked.  Unfortunately,  however, 
this  resulted  in  quite  large  loadings  on  the  suoport  and  pivot  bear¬ 
ings  in  the  counter- balance  assembly,  v;hlch  would  ordinarily  not  be 
present  under  operating  conditions.  The  magnitude  of  static  friction, 
even  with  shaking,  in  such  a  set-up  was  sufficient  to  produce  as  much 
as  a  one  pound  ambiguity  in  the  "unloaded"  reading.  Another  effect 
which  caused  errors  in  the  hovering  lift  readings  was  the  recircu¬ 
lation  of  the  flow  in  the  building  which  raanlfested  itself  in  a 
gradual  reduction  of  hovering  lift  with  time.  This  effect  was  'de¬ 
layed  by  providing  a  slipstream  deflection  at  floor  level  which  de¬ 
flected  the  slipstream  along  the  major  dimension  of  the  building, 
rather  than  allowing  it  to  recirculate  around  the  sides.  With  the 
deflector  in  place  hovering  lift  could  be  maintained  for  as  long  as 
^0  seconds  before  recirculation  effects  became  apparent,  but  without 
the  deflector  maximum  undisturbed  hovering  times  were  of  the  order  of 
10  seconds .  Due  to  the  exploratory  nature  of  these  experiments  it  was 
thought  expedient  to  delay  the  tests  until  positive  fixes  of  these  phe¬ 
nomena  could  be  achieved.  Instead,  they  were  written  off  as  test  results 
and  as  such  are  referred  to  at  this  point  while  their  solutions  are 
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discussed  in  other  parts  of  this  report.  The  general  character  and 
relative  magnitude  of  the  lift  data  retains  its  validity  subject 
to  the  above-mentioned  effects  of  local  stalling  and  small  effects 
of  residual  static  friction  in  the  counter-balance  assembly. 
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THBORia'ICAL  STATIC  STABILITY  AND  TRIM  DEVELOPMENTS 


ASSUMPTIONS  AND  LIMITATIONS 

In  Appendix  A  of  this  report  it  presented  a  theoretical  develop¬ 
ment  intended  to  enable  one  to  predict  in  a  straight-forward  fashion 
the  static  stability  derivatives  and  trim  conditions  of  the  aircraft 
under  consideration  or  of  any  similar  type.  This  development  is  not 
wholly  unlike  some  others  available,  notably  those  of  References  h  and 
5,  but  unlike  those  noted,  is  directed  towards  an  eventual  comparison 
with  experimental  data  with  attempts  being  made  to  determine  the  va¬ 
lidity  and  applicability  of  the  developments .  The  theory  is  intended 
to  describe  a  first-order  approximation  to  the  actual  processes  and 
as  such  should  predict,  with  limitations,  the  sign,  magnitude,  and 
general  trends  of  the  stability  derivatives.  More  Important,  it 
should  demonstrate  the  significance  and  predictability  of  some  of  the 
major  contributory  effects  in  both  trim  conditions  and  stability  de¬ 
rivatives,  and  give  an  initial  evaluation  of  some  of  the  simplifying 
asssumptions  generally  made  in  a  stability  and  control  analysis . 

In  developin'^  a  theory  to  predict  the  forces  and  moments  gener¬ 
ated  by  a  wing-rotor  combination,  three  reasonable  approaches  may  be 
considered: 

l)  The  isolated  wing  and  rotor  may  be  analyzed  separately  and 
the  results  added  for  a  combined  affect. 

2)  An  isolated  rotor  may  be  considered  separately  and  the  re¬ 
sults  used  to  determine  the  operating  conditions  of  a  wing  Immersed 
in  the  rotor  slipstream. 
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3)  A  mutually  Interf erring  arrangement  of  wing  and  rotor  may  be 
considered  and  an  analysis  attempted  on  the  combination. 

The  first  of  these  is  unrealistic  in  that  for  the  relative  size  of 
wing  and  rotor  considered  here,  virtually  the  entire  wing  is  immersed 
in  the  rotor  slipstream,  and  the  actual  flow  at  the  wing  is  considerably 
different  from  freestream  conditions.  The  second  approach  is  a  much 
better  representation  of  the  actual  conditions  in  that  the  change  in 
local  flow  direction  and  magnitude  at  the  wing  can  be  taken  into  con¬ 
sideration.  The  last  method  is  certainly  the  most  complete,  however 
it  has  been  demonstrated  in  Reference  l4  that  the  influence  of  the  wing 
on  the  rotor  is  of  an  order  of  magnitude  less  importance  than  the  in¬ 
fluence  of  the  rotor  on  the  wing.  It  was  therefore  not  thought  worth¬ 
while  to  attempt  to  account  for  the  wing  on  rotor  effects  in  a  first 
approach  such  as  is  considered  here. 

Analysis  of  an  isolated  rotor  in  low  speed  flight  is  a  problem 
in  Itself  whose  solution  at  present  leaves  much  to  be  desired.  It  is 
not  possible  to  reasonably  account  for  the  effects  of  induced  velocity 
variation  across  or  aroixnd  the  disk  of  an  articulated  rotor  without 
resorting  to  very  complicated  and  still  unprecise  blade  dynamic  motion 
analysis.  Such  techniques  are  certainly  beyond  the  scope  of  a  sta¬ 
bility  and  control  analysis  as  is  considered  here.  Constant  axial 
induced  velocity  based  on  axial  momentum  considerations  has  therefore 
been  assumed  in  all  derivations  of  rotor  forces  and  moments  presented 
in  this  report. 

Due  to  the  limitations  in  the  techniques  of  predicting  isolated 
rotor  characteristics  it  would  be  difficult  to  account  for  some  of  the 
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ving  on  rotor  effects  that  might  be  present.  Possibly  the  two  most 
significant  of  such  effects  would  be  the  Increase  In  angle  of  attack 
at  the  rotor  due  to  wing  upwash  and  some  distribution  of  Induced 
velocity  across  the  disk  contributed  by  the  wing  circulation.  The 
first  of  these  may  be  accounted  for  In  the  constant  Induced  velocity 
theory,  and  a  more  comprehensive  study  could  include  these  effects  once 
there  Is  some  reasonable  assurance  that  the  wing  operating  conditions 
are  knovm.  Accounting  for  the  velocity  distribution  effects,  however, 
would  be  difficult  In  view  of  the  limitations  of  the  present  theory. 

In  the  particular  case  under  consideration  these  effects  would  not  be 
to  severe  since  variations  In  velocity  across  the  disk  in  the  longi¬ 
tudinal  plane  are  not  as  serious  an  effect  on  the  longitudinal  forces 
auid  moments  of  an  articulated  rotor  as  they  are  on  a  rigid  rotor. 

Analysis  of  a  flapping  rotor  as  a  rigid  body  reveals  a  90°  phase  shift 
between  force  and  displacement  of  the  blade,  since  It  Is  a  heavily 
damped  second  order  system  being  forced  at  its  natural  frequency. 

This  means  that  longitudinal  forcing,  as  would  be  produced  by  tlie  ve¬ 
locity  distribution  under  consideration,  would  result  In  lateral  flapping 
and  hence  yawing  and  rolling  moaents  and  side  -  force.  The  higher  har¬ 
monics  of  the  blade  motion  contribute  no  steady-state  components  and 
therefore  need  not  be  considered  for  a  stability  analysis.  In  a  rigid 
rotor,  however,  one  would  expect  large  contributions  to  pitching 
maments  from  longitudinal  velocity  distribution.  In  this  case  some 
account  should,  be  made  for  these  effects  regardless  of  their  source. 
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MOMENTUM  CONSIDERATIONS 


Due  to  the  articulated  nature  of  the  rotor  and  the  regime  of  oper¬ 
ation  under  consideration,  helicopter  notation  and  analysis  techniques 
are  used  throughout  to  define  and  discuss  the  rotor  parameters.  In 
accordance  with  conventional  helicopter  theory  the  mass  flow  through 
the  rotor  is  defined  as  that  flow  passing  through  an  imaginary  sphere 
of  which  the  rotor  disk  is  a  great  circle.  Referring  to  the  diagram 
below  which  depicts  a  rotor  operating  in  its  normal  condition  at  a 


negative  angle  of  attack,  we  can  see  that  the  total  mass  flow  is 
pAo-R  .  Here  X  are  as  defined  on  page  lo  and 

A  is  the  area  of  the  great  circle  of  radius  R  perpendicular  to  the  net 
velocity  vector  -Q.R  ^  and  is  therefore  equal  to  the  rotor  disk 
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Conservation  of  axial  momentum  states  that  the  net  thrust  produced  by 


the  rotor  is  equal  to  the  change  in  axial  momentum  of  the  flow  induced 
by  the  rotor,  which  is  simply  the  mass  flow  times 

the  total  change  in  velocity  of  the  flow  which  is  2.  NT  ,  the  Induced 
velocity  when  the  slipstream  static  pressure  reaches  atmospheric  down¬ 
stream.  Equating  this  product  to  the  thrust  we  have 

T=  2NrpAilR  , 


which  upon  re-arrangement  and  substitution  of  the  definition  of 
gives 


!vr  = 

It  is  desirable  in  an  alalysls  such  as  this  to  promote  clarity 


by  simplification  whenever  it  is  possible,  without  seriously  compro¬ 
mising  the  results, and  it  is  for  this  purpose  that  assumptions  are 
frequently  made  at  this  point  concerning  the  mass  flow  through  the 
rotor.  One  such  approach  is  to  assxime  that  only  the  flow  normal  to 
the  disk  contributes  significantly  to  the  total  mass  flow,  in  which 
case  the  mass  flow  is  given  by  p  A(V/uuao<  —  and  the  resultant 


Induced  velocity  is  Qj- 

DJR  '  AIM 


In  order  to  compare  these  two 


methods  and  their  results  we  can  consider  the  blade  element  theory 
expression  as  given  in  Appendix  A  ,  Equation  13 


ACT  ■  A  ^  3  A  y 


c^cr  p.  ^ 

and  note  that  for  a  given  rotor  operating  at  some  Cm  can  be 


expressed  in  terms  of  the  inflow  parameter  ^  .  Substituting  the  a- 
bove  expressions  for  induced  velocity  into  the  definition  of  ^  we 
have 


VAuao(  __  Ct 


\  =  V  ydjjn  a 

'  NORMAU  - - 


2.  /\tvi 


Dividing  both  sides  of  these  two  expressions  by  Xo»  -1  as 

in  Appendix  B  enables  one  to  make  a  comparison  of  these  two  methods  on 
the  basis  of  the  X  they  each  would  predict  for  a  rotor  operating  at 
some  given  .  This  comparison  is  presented  in  Figure  39  where  sig- 
nlgicant  departure  from  the  complete  mass  flow  prediction  is  apparent 
only  at  low  negative  b  and  the  higher  /A ^ ’ S  .  This  comparison, 
however,  is  not  the  complete  picture  since  only  the  ratio  of  predicted 
is  compared  and  the  predicted  can  vary  somewhat  more  as 

indicated  by  the  sample  calculations  shown  below.  Combining  the  blade 
element  and  normal  mass  flow  equations,  we  can  write  a  quadratic  which 
can  be  solved  for  Qj,  explicitly. 

\  _  V  V  _  CV 

Jlf?  ^ 

Qj  «  -  2.  -1-  2. 

Rembering  that  Xm  is  negative  for  the  normal  flight  condition  we 
can  write 

O—  -  \  2  _  ,  \  V  AJ^r>0< 

^TkI  Axsi  ^  o 
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vhlch,  when  combined  with  the  blade  element  equation  gives 


i]C-tn+  o 


Upon  substitution  of  the  values  of  V,  od  ,  and  ©  for  the  three 
trim  conditions  we  can  solve  for  which  is  compared  to  the  com- 


plete  flow 

below . 

1 

w 

=  70°  , 

c  =  .01447  > 

•^N 

Cj  =  .01588 

i 

w 

=  57°  , 

c  =  .01150  , 

N 

=  .01217 

i 

w 

.4- 

II 

c  =  .00825  , 

C  =  .00848 

T 

The  agreement 

indicated  is 

remarkably  good,  however. 

as  Flgtire  39  in 

dicates  the  various  thrust  derivatives  can  be  seriously  in  error  near 
the  hovering  condition.  However,  the  major  error  that  the  normal 
component  assumption  Introduces  is  in  the  induced  velocity  magni- 
tude  and  derivatives  where  the  neglect  of  JH  with  respect  to  ^ 
can  have  quite  serious  consequences.  The  importance  of  the  induced 
velocity  in  its  influence  on  the  wing  is  the  primary  reason  why  this 
significant  simplification  was  not  exercised  in  this  analysis.  In 
particular  the  wing  angle  of  attack  *  and  its  derivatives  are 
very  strongly  affected  by  the  induced  velocity  and  its  derivatives, 
and  reference  to  Figures  47  through  53  indicates  that  the  wing  de¬ 
rivatives,  are  frequently  the  strongest  single  contributions  to  the 
total  airplane  derivatives.  This  being  the  case,  it  was  not  considered 
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prudent  to  adopt  the  normal  mass  flow  simplification  only  for  the  sake 
of  easing  the  computations,  particularly  in  view  of  the  availability 
of  the  methods  developed  in  Appendix  B. 


ROTOR  OPERATING  CONDITIONS 


The  results  oi'  a  tlade  elejTient  analysis  as  developed  in  Reference 
6  have  been  modified  to  a  certain  extent  for  application  in  this  de¬ 
velopment.  As  noted  on  page  .'on  of  Appendix  A  the  blade  tip-loss 
factor  B  has  been  assumed  equal  to  unity,  and  another  method  has  been 
substituted  to  account  for  this  effect.  This  method  takes  advantage 
of  experimental  values  of  thrust  measured  at  the  trim  values  of 
collective  pitch  and  aero  velocity  at  the  beginning  of  each  static  run 
and  uses  these  values  to  compute  effective  collective  pitches  for  the 
various  conditions  as  shown  in  Appendix  A.  The  small  error  Introduced 
by  wing  zero  -  drag  is  only  1-2  per  cent  at  most  and  is  neglected 

in  this  part  of  the  analirais.  Such  a  procedure  as  shown  allows  cor¬ 
rection  for  velocity  independent  errors  in  the  blade  element  theory 
such  as  blade  tip  loss  and  hub  and  nacelle  interference  effects,  and 
eliminates  the  possible  influence  of  errors  in  the  measurement  or 
setting  of  blade  pitch.  Use  of  the  charts  as  developed  in  Appendix 
B  is  a  great  aid  in  determining  the  various  rotor  and  slipstream  pa¬ 
rameters  as  well  as  their  derivatives,  and  eliminates  the  necessity 
of  having  to  solve  fourth  order  equations,  or  making  very  compro- 
miising  assumptions  to  simplify  these  equations.  It  should  be  noted 
that  these  charts  are  developed  using  only  momentum  considerations, 
and  so  are  generally  applicable  to  both  rigid  and  articulated  rotors 
throughout  their  ranges  of  operation.  It  is  also  possible  of  course, 
to  develop  these  charts  for  the  magnitudes  and  derivatives  of  induced 
velocity,  resultant  velocity,  and  effective  angle  of  attack  behind 


the  rotor  so  that  both  rotor  and  wing  operating  conditions  cem  be  de¬ 
termined  very  quickly  if  and  are  known.  If  Cij  is  not  known, 

em  application  of  blade  element  theory,  or  some  modification  thereof, 
in  combination  with  the  charts  is  necessary  as  indicated  in  Appendix  A. 


ROTOR  COMTRIBUTIONS 


As  mentioned  in  the  discussion  of  the  normal  mass  flow  approxi¬ 
mation,  one  of  the  strongest  over-all  effects  exhibited  by  the  rotor 
is  the  influence  of  Induced  velocity  on  the  operating  conditions  and 
derivatives  of  the  wing  exercised  through  the  determination  of 
and  as  shown  in  the  vector  diagram  of  Figure  liO^.  The  important 
derivatives  to  consider  are  ^  ^S/r  which, 

for  the  conditions  under  consideration,  are  all  positive.  The  (?<*  de¬ 
rivatives,  however,  are  strong  functions  of  and  can  conceivably  re¬ 
verse  sign  at  high  values  of  and  low  and  o(  >  conditions 

realized  near  hover  or  in  strongly  accelerated  flight.  Consideration 
of  the  velocity  vector  diagram  of  Figure  40  shows  that  em  increase  in 
reduces  <y< '  while  Increasing  either  or  c><  produces  an 

Increase  in  cX  ^  •  Therefore  it  can  be  deduced  that  a  strong  positive 

or  can  possibly  produce  negative  or 

bc^  bo* 


or  at  least  considerably  reduce  the  magnitude  of  these  derivatives. 
The  Induced  velocity  derivatives  are  essentially  proportional  to  the 
sum  of  Cj  and  the  absolute  magnitude  of  the  respective  Ctp  derivative 
thereby  producing  a  direct  relationship  between  the  rotor  operating 
condition  and  the  most  important  wing  derivatives.  With  the  possible 
exception  of  the  direct  rotor  contributions  to  and  which  are 
very  straight-forward,  this  induced  velocity  effect  is  probably  the 
most  Important  contribution  of  the  rotor  to  over -all  aircraft  static 
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derivatives.  "Zte  rotor  pitoh-rate  derivative  due  to  the  flapping 
tinge  offset  is  a  completely  different  situation,  however,  and  will 
be  considered  in  another  section.  Hinge  offset  effects  are  certainly 
preserit  in  the  static  moment  derivebives,  but  the  geometry  of  the 
rotor  location  with  respect  to  the  c.g.  allows  the  moment  derivatives 
generated,  by  the  rotor  forces  to  effectively  cancel  the  hinge  offset 
contributions  as  can  be  seer,  in  the  rotor  contribution  breakdown 
figures.  Ln  short,  it  can  be  said  that  the  rotor  contribution  to 
the  moment  derivatives  is  essential.ly  reduced  to  an  indirect  influ¬ 
ence  on  the  wing  derivatives. 
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WING  OPISATING  CONDITIONS 


Several  metihods  are  presented  in  Appendix  A  for  determining  the 
operating  conditions  of  the  wing  behind  the  rotor,  the  first  of  'vdilch 
is  similar  to  the  developments  of  Reference  4.  This  method  consists 
cuite  simply  of  dateimlnlng  the  rotor  downwash  as  outlined  above,  and 
adding  it  vectorlally  to  the  free-stream  velocity  to  give  a  resultant 
velocity  and  angle  of  attack.  For  this  purpose  it  is  assumed  that  the 
wing  is  completely  Irmi.ersed  in  the  slipstream,  and  the  slipstream  is 
fulj^  developed  by  the  tiire  it  reaches  the  wing  whose  .25  chord  is 
about  35  per  cent  diameter  behind  the  disk.  The  authors  of  Reference 
7  have  determined  experimentally  that  Insignificant  additional  develop¬ 
ment  occurs  beyond  10-15  per  cent  D  behind  the  rotor  disk,  and  the 
airplane  configuration  is  such  that  the  rotor  Just  spans  the  wing  out¬ 
board  of  the  fuselage  cut-out  so  that  both  the  above  assumptions  seem 
reasonably  valid.  In  this  method,  it  is  assumed  that  the  wing  angle 
of  attack  and  resultant  velocity  as  determined  above,  together  with 
the  power-off  lift  and  drag  characteristics  of  the  particular 
airfoil  section  under  consideration  completely  determine  the  wing  op¬ 
erating  conditions.  For  simplicity  the  sectional  lift  and  pitching 
m.oEnent  coefficients,  at  the  proper  Reynold's  Number,  are  assumed  to 
apply  for  the  entire  wing,  and  induced  drag  is  computed  on  the  basis 
of  the  aspect  ratio  of  the  semi -span.  The  lift  and  drag  curves  used 
are  presented  in  Figure  kl  as  functions  of  angle  of  attack.  Ideally, 
these  curves  should  be  replaced  with  actual  measured  force  data  on 
the  wing  in  the  slipstream,  and  coefficients  could  be  derived  from 
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the  particular  Blipstrearo.  velocity  aiid  wing  area  and  plotted  against 
angle  of  attack  as  derived  from  the  rotor  conditions.  This  Is  done, 
with  minor  variations.  In  Reference  7  for  a  different  wing -rotor  com¬ 
bination  than  that  under  consideration  here.  The  pertinent  curves 
given  In  this  Reference  are  reproduced  In  this  report  In  Figure  k2. 

In  attempting  to  adapt  this  data  for  application  to  the  V-jS  wing, 
correction  was  made  for  the  cambered  section  by  adding  0.4  to  the 
of  the  symmetrical  section.  As  Figure  42  Illustrates,  the  wing 

parameters  are  certainly  functions  of  more  than  OC'  and  V  with 

R 

the  result  that  the  total  C  and  the  character  of  stall  are  conslder- 

L 

ably  altered,  depending  upon  power  condition. 
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Fig.  4l 


WING  COJTTRIBUTIONS 


The  variations  In  wing  operating  conditions  exert  a  very  pro¬ 
found  influence  on  the  wing  derivatives  particularly  where  they  in¬ 
volve  changes  in  lift  curve  slope.  Figures  47  through  53  present 
breakdowns  of  the  various  effects  going  to  make  up  the  static  sta¬ 
bility  derivatives  along  with  the  summation  of  these  component  effects 
as  compared  to  the  experimentally  measured  derivatives.  It  can  be 
seen  that  the  effects  due  to  <X*  are  generally  much  stronger  than 
those  due  to  with  the  result  that  the  important  wing  characteristic 
is  lift  curve  slope  rather  than  over -all  lift  coefficient.  This  is  un¬ 
fortunate  as  far  as  the  desire  to  predict  these  effects  is  concerned, 
since  the  character  of  wing  stall  is  a  major  contribution  to  lift 
curve  slope  changes  and  being  completely  dependent  on  local  flow  con¬ 
ditions,  is  very  dlffictilt  to  predict.  The  third  method  of  determining 
wing  conditions  by  using  the  trim  candltlon  and  theoretical  rotor  forces 
to  solve  for  wing  forces,  gives  results  that  allow  a  check  on  wing  forces 
but  not  wing  derivatives.  Figure  43  presents  a  comparison  of  the  in¬ 
formation  obtained  by  all  three  methods  considered,  and  points  out  the 
general  agreement  in  lift  coefficient  and  the  large  variations  in  lift 
curve  slope  as  determined  by  the  two  available  methods.  A  similar  pre¬ 
sentation  la  Figure  4-4  of  the  wing  drag  shows  somewhat  large  discrepan¬ 
cies  due,  in  part,  to  the  differences  in  magnitude  of  the  various  forces 
Involved  in  the  trim  solution  and,  in  part,  to  the  effects  of  local 


stalling  which  cannot  be  predicted.  In  general,  the  wing  drag  terms  are 
of  eua  order  of  magnitude  less  importance  than  the  lift  terms,  except 
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perhaps  in  the  derivative  at  i  =  70°  vhere  a  strong  positive  C 
mi^t  account  for  the  positive  experimental  value  of  as  shown  in 

Figure  47.  The  overpowering  influence  of  C  in  all  other  cases 
makes  it  reasonable  to  conpai’e  the  two  wings  and  their  resultaa*  de¬ 
rivatives  on  the  basis  of  this  parameter  alone.  With  this  supposition, 
an  examination  of  the  camparison  of  theoretical  to  experimental  total 
derivatives  in  Figures  47  ar.d  48  indicates  that,  if  the  rotor  deriva¬ 
tives  are  generally  correct,  the  wing  should  have  a  positive  lift 
curve  slope  in  all  condltlana  tested.  The  magnitude  of  this  slope 
would  seem  to  vary  frotti  a  value  somewhere  between  that  given  by  the 
wings  of  References  4  and  7  at  i  =  70°  to  approximately  zero  in  the 

V 

1^  =  44°  condition — a  trend  that  is  generally  followed  by  the  data  of 
Reference  7  but  certainly  not  by  the  results  given  by  the  power-off 
curves. 

Several  possibilities  can  be  considered  to  ancoimt  for  the  de¬ 
pendence  of  wing  Or  and  C  on  thrust  and  velocity  heyond  the  effects 
of  V_  and  ct*  .  Perhaps  the  most  obvious  one  is  to  suppose  that  rotor 
sllpKtream'development  along  the  wing  chord  produces  a  sufficient 
favorable  pressure  gradient  as  to  provide  a  boundary  layer  control 
effect  and  thereby  delay  wing  stall.  If  this  were  the  case  one  would 

expect  that  C.  of  the  power-  on  wing  would  be  higher  than  that  of 
■Hnax 

the  power-off  condition,  and  this  effect  would  Increase  in  relation 
to  the  slipstream  strength.  tTbis  is  deflnlte.ly  not  the  case  presented 
by  the  data  of  ? igura  4^  and  reason  has  already  been  given  to  support 
the  validity  of  assuming  little  slipstream  development  beyond  the  wing 
leading  edge. 


Ill 


The  method  presented  in  Reference  7  of  accounting  for  the  di¬ 
minishing  value  of  C  with  constant  Ot*  and  increasing  thrust  by  a 

li 

mass  flow  correction  for  un-immersed  wing  sections  is  a  reasonable 
approach,  but  cannot  predict  the  existence  of  continued  positive  C 

loji 

beyond  the  a’  — stall  of  the  power-off  wing.  In  any  case,  the  wing 
center  cut-out  on  the  V-76  obvla-tes  the  possibility  of  applying  such 
a  correction,  since  for  all  intents  and  purposes  this  wing  probably 
behaves  as  though  it  were  two  separate  completely  Immersed  semi -spans. 
The  trim  points  of  Figure  43  show,  however,  that  there  still  exists 
some  strong  effect  producing  a  change  in  C  with  thrust  and/or  forward 

Ij 

velocity  that  cannot  be  accounted  for  by  V  and  a*  alone,  and,  as  has 

R 

been  pointed  out  previously,  this  effect  evidently  also  Influences  the 
stall  characteristics  of  the  wing  as  a  whole.  The  three-dimensional 
effects  on  lift  curve  slope  are  accounted  for  in  the  considerations 
of  Reference  5,  and  will  in  general  produce  a  decrease  in  C,.  with 

LqjI 

increasing  thrust. These  approaches  alone,  however,  offer  no  explanation 
for  the  wing  behavior  beyond  the  predicted  stall  condition. 

A  partial  explanation  for  both  of  these  phenomena  is  the  next 
subject  for  discussion,  and  takes  the  form  of  a  consideration  of  the 
possible  effects  of  slipstream  rotation  on  the  over-all  wing  operating 
conditions  and  how  these  effects  might  be  predicted.  In  advance  of 
the  development  it  can  be  said  that  the  desire  is  to  demonstrate  that 
such  a  phenomenon  as  change  in  local  angle  of  attack  along  the  span 
due  to  rotational  velocities  can  manifest  Itself  in  changes  of  aver¬ 
aged  over-all  wing  parameters  whose  net  effect  is  definitely  non-zero. 
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Also  one  vould  hope  to  demonstrate  that  such  net  effects  follow  defi¬ 


nite  important  trends  that  are  to  some  degree  predictable.  First  the 
local  effects  will  be  evaluated  and  then  an  explanation  given  of  the 
over -all  significance  of  these  effects. 


TRtM 


Fig.  43 
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SLIPSTREAM  ROTATION 


In  order  to  determine  the  magnitude  of  the  rotational  velocities 
to  be  expected,  a  very  simple  application  of  Conservation  of  Momentum 
may  be  made  to  the  angular  flow  through  the  rotor  similar  to  the 
analysis  of  axial  flow.  An  application  of  Newton's  Second  Law  to  the 
axial  flow  yields  the  relation  that  net  thrust  equals  net  change  in 
axial  momentum  through  the  disk.  For  rotational  flow  this  can  be 
modified  to  say  that  the  net  torque  exerted  by  the  rotor  on  the  flow 
equals  net  change  in  angular  momentum  through  the  disk. 

Assuming  zero  Initial  rotation  and  referring  to  the  diagram  be¬ 
low,  we  can  write  an  expression  for  the  net  change  in  angular  momentum 
of  an  annular  ring  of  mass  2  TT  rmdr  as 


dQ  =  ( 2  Tf  rmdr )  r  ^2  rc^(r)3 

where  2rcj(r)  is  the  downstream  tangential  velocity  at  r.  It  is  diffi¬ 
cult  to  determine  the  exact  distribution  of  rotational  velocity  in  for¬ 
ward  flight.  However,  a  reasonable  blade  element  analysis  can  be  made 
“in  hover.  Using  the  results  of  such  an  analysis,  a  general  profile 
of  induced  velocity  can  be  obtained  and  the  magnitudes  adjusted  so 
that  the  average  value  of  induced  velocity  corresponds  to  that  ob¬ 
tained  by  the  constant  induced  velocity  analysis  of  Appendix  A. 
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Referring  to  the  diagram  below,  which  represents  a  blade  element 
in  hovering  flight 


or  rearranging  and  substituting, 

(\5- 

cor  = 

A  hovering  blade-element  analysis  as  in  Reference  6  yields  for  a  rotor 
with  linear  twist 


where  x  =  ^  and  (9q  -  .4l9x)  represents  the  blade  pitch  as  a  function  of 
r.  A  solution  of  this  expression  for  the  V~j6  rotor  is  presented 


in  Figure  55  as  a  plot  of  vs .  X  and  the  necessary  correction 

factors  have  been  applied  to  the  hovering  results  to  bring  the  average 


<\y=  up  to  the  indicated  value  determined  for  the  various  trim 
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conditions.  Also  shown  in  this  Figure  are  the  values  of  HR <5? , CUT  , 
and  x^oir  obtained  by  the  above  analysis. 

As  a  check  on  the  above  analysis  ve  can  refer  back  to  the  angular 
jEomentuiii  developments  and  compute  the  power  required  using  the  rotational 
velocity  distribution  and  magnitude  determined.  Rewriting  the  torque 
expression 

dlQ=  4'n' (rco)  cio  *  (v'co)di>c 

and  noting  that  'ITR^  m  *  total  mass  flow  through  the  rotor  « 

X  (Vj 

we  can  integrate  both  sides,  giving 

\  (roo)  dkx 


Figure  55  gives  a  graphical  evaluation  of  the  Integral  in  the  1^ 
case  as 


5.6(0 


fllLXL 


70° 


Using  the  values  of  T  and  v  obtained  from  the  analysis  of  Appendix  A 
the  resulting  power  per  rotor  can  be  written. 


\_C5  /  =  O-Q.  _ 

Rotor 


P.04-  VP 


Asstiming  a  maximum  profile  power  of  25  per  cent  of  induced  power,  the 
net  total  horsepower  required  in  this  condition  is  found  to  be  510 
horsepower.  Full  scale  flight  test  results  indicate  that  this  value 
is  probably  conservative,  and  correspondingly  higher  rotational 
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velocities  than  those  predicted  might  be  erjcountered.  The  values  de¬ 
termined,  however,  are  adequate  to  demonstrate  the  effect  of  rotational 
velocity  on  wing  operating  conditions.  In  Figures  56  through  58  are 
presented  composite  representations  of  the  vector  velocity  diagrams 
at  the  rotor  and  the  wing.  The  resulting  wing  angles  of  attack  are 
determined  by  the  vector  summation  of  the  fully  developed  rotor  slip¬ 
stream  velocities  and  the  forward  flight  velocity  at  the  three  trim 
speeds.  Figure  59  shows  the  local  wing  angle  of  attack  plotted  along 

the  semi -span  along  with  C  and  C  ,as  determined  from  the  power-off 

L  Lqq 

lift  curve  of  Figure  4l.  Also  shown  in  Figure  59  and  60  are  the  average 

values  of  OC  ^  ,  C-  ,  Ct  /  >  C,.  and  C_  j  ^  t 

L  ^  ^(X  *  D  as  compared  to  those  values 

predicted  by  neglecting  rotation  and  assuming  constant  induced  velocity. 


The  most  interesting  effects  apparent  are  the  decrease  in  and  the 

net  effective  positive  C-  predicted  by  the  rotation  analysis  for  the 

1.  O'* 

=  70°  wTiH  i^  =  57°  trim  conditions.  These  values  are  in  considera¬ 
ble  disagreement  with  the  non -rotating  predictions,  but  seem  to  satisfy 


reasonably  well  the  requirements  of  the  wing  as  dictated  by  the  measured 


static  derivatives  and  trim  conditions. 

The  i^  =  44°  case  indicates  a  completely  stalled  wing  with  all 

local  C,  ,'s  negative,  but  an  examination  of  the  vector  velocity 
^  (X 

diagram  of  Figure  53  reveals  that  a  small  increase  in  rotation  could 
afford  a  significant  change  in  local  OC.  .  The  assumption  of  a  hover 
ing  induced  velocity  distribution  in  this  case  is  questionable  and 
small  changes  in  OC*  around  the  depicted  values  could  quite  conceiva¬ 


bly  alter  the  averaged  C,.  values  appreciably.  For  these  reasons 
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the  conflict  between  the  apparent  C,  0  requirement  prescribed  by 

^CC' 

the  measured  derivatives  and  the  value  given  by  the  above  analysis  is 
not  too  disturbing.  Such  a  conflict  simply  points  out  the  sensitivity 
of  the  results  to  small  changes  in  flow  conditions  and  the  difficulty 
in  accounting  for  these  effects. 

It  is  possible  however,  to  make  some  generalizations  based  upon 
the  above  developments  concerning  the  net  over -all  effect  of  rotational 
considerations  on  the  wing's  operating  conditions.  Assuming  some  distri¬ 
bution  of  angle  of  attack  along  the  immersed  semi -span,  an  examination 

%ON-ROT. 

will  always  be  the  result  so  long  as  one  end  of  the  OC'  spectrum  is 
below  the  stall  angle  and  the  other  end  above.  This  means  that  an  in¬ 
crease  in  the  width  of  the  OC*  spectrum  — —  which  would  correspond 
to  an  increase  in  thrust  coefficient  at  constant  V,  CX,  ,  and  iTl  — — 

would  give  a  decrease  in  C,  completely  disassociated  from  any  change 

%VE. 

in  (X  or  V„.  However,  if  tha  lowest  CC  predicted  is  greater 

NON-ROT.  ^ 

than  the  power-off  stall,  angle  than  a  similar  increase  in  would 

cause  an  increase  in  C,  due  to  the  negative  lift  curve  slope 

^AVERAGE 

beyond  stall  as  shown  in  Figure  6l  (b).  Such  an  effect  as  this  might 
ancount  for  the  fact  that  in  Figure  ij-3  the  power-off  curve  over  pre¬ 
dicts  Ct  for  high  wing  tilt  angles  and  C™  under  predicts  it  for 
^AVE.  ^ 

lower  i,^  and  . . 

Another,  and  perhaps  more  important  effect  that  can  be  noticed 
is  the  influence  of  rotation  on  the  effective  lift  ctirve  slope  as 
demonstrated  in  Figure  6l  (c).  Here  it  can  be  seen  that  an  increase 


of  Figure  6l  (a)  reveals  that  a  general  trend  C,  ^ 

■^^VERAGE 
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in  ^^jjON-ROT  rotation  constant  results  In  an  increase  in 

Ct  as  long  as  the  lowest  c/'b  are  below  the  stall  angle  and 

■^AVERAGE 

the  absolute  magnitude  of  the  negative  Ct  ,  slope  on  the  power-off 

^OC 

curve  above  stall  is  less  than  the  positive  value  below  stall. 

Even  when  the  lowest  local  CX  ^  is  above  stall,  the  real  lift 

curve  indicates  partial  recovery  and  positive  values  of  C,  ,  beyond 

^  OZ 

stall  which  would  contribute  towards  a  lessening  of  the  negative  net 
Cl^,  even  at  very  large  (Xl  ’s.  This  "softening"  of  stall  effects 
on  is  Just  the  kind  of  effect  required  to  account  for  the  values 

indicated  in  the  derivative  breakdowns  of  Figures  47  through  52,  and 
certainly  the  explanation  is  sufficiently  plausible  to  warrent  further 
consideration  in  a  more  detailed  study  of  wing  and  rotor  configurations . 
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LONGITUDINAL  DYNAMICS 

On  page  257  of  Reference  8  is  to  be  found  a  set  of  equations 
defining  the  motions  of  an  aircraft  in  the  three  longitudinal  degrees 
of  freedom,  within  an  axis  system  fixed  in  the  airplane  and  initially 
aligned  with  the  undisturbed  flight  path.  The  variables  are  hori¬ 
zontal  velocity,  U_  ,  vertical  velocity,  UX  ,  smd  airplane  pitch 
attitude  referenced  to  earth,  ©  .  Rewriting  these  equations  in  the 

anguleur  notation  of  this  report,  they  become 

i-X^e-we  <1^*0  (d-i) 

+  ^e©  -  W©  fijJTk  (D_2) 

+  M©©  -  l0  -  O  (^-3) 

where  the  variables  Ou  ,  ur  and  ©  are  actually  the  perturbations 
^  ^  A  UT  and  A  ©  and  the  trim  conditions  have  already  been 

substracted  out. 

For  the  purposes  of  this  report  it  is  felt  desirable  to  retain 
the  body  axis  system  as  defined,  but  to  use  a  different  set  of  vari¬ 
ables  since  the  rotor  characteristics  are  most  easily  expressed  in 
terms  of  flight  velocity,  V,  and  rotor  angle  of  attack,  <?C  .  The 

transformation  of  variables  may  be  accomplished  by  the  following  substi¬ 
tutions: 


<JL.  =  V  CCrl  (X 

(D-4) 

UJ  ■=  V  06 

(D-5) 

CiL  =  V  Cjb4_ol  - 

(d-6) 

vja  -  (yccr4.<x)^  1-  V 

(D-7) 

G-  © 

(D-8) 
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C-  ^0  Mv  +  ^  (^0  +  H 

-  vr*  (XvVo'V'Zi^)  Mq  (d-i8) 

D  *  C  '■  ~  ^  ^©  “  ^  V 

+[?vXe-Xv(,2-e  +  «i'Vo)]Mo(  +  (Xv  2- -  ivX^)  H  ©  (B-19) 


E  =  (\A/?.i7()Mv  “  (^A/2:v)  Hex  (D-20) 

A  preliminary  order  of  magnitude  evaluation  of  the  pitch-rate 
derivatives  indicated  that  the  only  aerodynamic  term  of  significance 
is  the  pitch  damping  term  M©  and  considerable  simplification  in 
the  analysis  was  affected  by  assuming  the  and  Zq  aerodynamic 

contributions  are  negligible  compared  to  the  other  terms  in  the 
coefficients.  Normalized  quartic  coefficients  may  be  obtained  if  the 
initial  equations  of  motion  are  divided  through  by  various  constants  as 
follows : 

Divide  Z-Force  equation  by  mV^ 

Divide  X-Force  equation  by  m 

Divide  Mcment  equation  by  I 

Performing  these  operations  and  making  the  above  simplifications  the 
coefficients  of  the  resulting  quartic  become: 

A  =  1  (D-21) 


(D-22) 


I4l 


I 


C  =  i-  ^  ?fL  -  '\_  (D-23) 

L  I  tr^  rnvj  v  ^  mVe  tn\(j  m  /  T  J 

r>=:  r  ^  (D-24) 

Ll^  ivmo/  IVyy)WVo  mVc  m  /J 

r  ^  gv  _  HW  ^  T  Q  . 

^  L  I  »r>Vo  I  n\VbJ  ^  (D-25) 


(D-25) 


All  of  the  above  parameters  have  been  evaluated  both  experi¬ 
mentally  and  theoretically  as  presented  and  discussed  In  the  preceding 
section,  with  the  exception  of  the  pitch  rate  derivative  Mq  .  This 
particular  derivative  does  not  readily  lend  Itself  to  experimental  e- 
valuation  using  conventional  static  testing  procedures  and  a  restrained 
model  as  In  the  tests  under  consideration.  However,  a  theoretical  de¬ 
termination  may  be  made  for  a  first  order  approximation  to  the  deriva¬ 
tive  in  Appendix  A.  This  procedure  consists  of  evaluating  the  contri¬ 
bution  of  the  wing  and  rotor  and  adding  them  as  Is  done  with  the  static 
derivatives.  The  results  given  by  the  wing  of  Reference  7  were  used  for 
the  Mq  predictions  presented  herein. 

The  effect  of  M  q  or  any  other  particular  term  in  the  equations 
of  motion,  can  be  quite  simply  demonstrated  by  employing  the  root  locus 
method  as  developed  In  Reference  9  •  For  this  purpose  we  wish  to 

factor  out  of  the  characteristic  equation  all  terms  containing  the  vari¬ 
able  under  consideration,  which  for  this  particular  example  gives 


A©  -»•  6©  C©  +  D©  p  -V  E© 

-  z  (b©z.  -i-  c©-z.-»-  c)L©^  =  o 


(D-26) 
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where  the  coefficients  are  simply  the  coefficients  of  the  complete 
cJaunaeteristic  equation  as  given  above  reduced  by  the  coefficients  of 
the  terms  containing  .  That  Is  to  say  that 


Ag  =  A  =  \ 

(D-27) 

Be  +  =  B 

(D-28) 

C©  -t-  =  e 

(D-29) 

+  d©  ^  -  D 

(D-30) 

1 

t©  •=  E 

(D-31) 

Rearranging  equation  (D-26)  slightly  we  can  write 


Z- 


Aq  -V  6e  •  •  •  ■+  Eq 

which  upon  factoring  becomes 


=  “I 


(D-32) 


T 


Cp.  “  -  <2-)(pv'f  ) 


=  -  \  =  <Z 


(D-33) 


This  expression  can  be  represented  on  the  complex  plane  for  all  values 

Me 


of 


from  0  to  oO  as  the  locus  of  all  points  for  vdiich  the  sum  of 


the  arguments  of  the  poles  minus  the  zeroes  is  Tr  radians  and  for 
— ^  O  as  the  locus  for  a  similar  phase  condition  of  zero. 
Similar  procedures  can  be  followed  to  give  root  locus  diagrams  for  other 
variables,  in  particular  the  effects  of  and  ,  along  with  the 

effects  for  all  conditions  tested  are  demonstrated  in  Figures  62 
through  64.  The  resulting  numerator  (zeroes)  and  denominator  (poles) 
coefficients  derived  from  factoring  of  the  variables  are  given  below. 


For 


varying : 
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Zeroes 

-^b 


^  'j  z. 
vnvo/ 


Poles 


-»-r^  ^  2.  =  o 

^  ^  mvo  wvc  /j 

(d-34) 

A© 

(D-35) 

B6  = 

/Xv  ^  3L<X  \ 

V  m  rr\Vc/ 

(D-36) 

C6  = 

\  m  v^v/p 

^  x«v 

mVe  'rrt  J  2 

(P-37) 

De  = 

Ho<  Xv 

1  rti 

t' (%-'»•) 

(D-38) 

Ee' 

[M. 

?£  I 

(P-39) 

L  I 

vnvo  I  mVcJ  0 

For  —j-  varying : 


Zeroes 


-  4=^  [c%  - 1-)  *  ^ 


Poles 


Av  ~  ^ 


fe.)] 


(d-Jk)) 


(D-iH) 


(D-ll-2) 
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Ov- 

-^T 

(d-43) 

-  '^(Xv^_2vXa')T 
-  -L  rn  I  \  m  )nVo  mvd^J] 

(D-44) 

Ev  = 

iv  _ 

I  VtxVo  0 

(d-45) 

and  for  varying; 

Zeroes 

_  Hd 
r 

(  2.^  —  »  _  iZ-v  N 

m  *•  nrvi'3-)=o 

(d-46) 

Poles 

Ao(“  1 

(d-47) 

Bo,  =  -r^  +(li:+  Ssc'iT 

L.  I  '  ni  mvc/j 

(D-45) 

1  1  ^  XT)  mve'  V  nn  mvo  iwo  ~?n  /  J 

(D-49) 

L  I  '  m  it;  I  V  m  TRvfe  ^  -F?i  ;  J 

(D-50) 

E.=  - 

1  mVo  <» 

(D-51) 
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The  zeroes  of  the  Mg  root  locus  are  of  particular  interest,  in  that 
they  are  identical  to  the  roots  of  the  complete  airplane  characteristic 
equation  when  M©  =  =  Hrf  =  O  •  roots  of  this  characteristic 

equation  consist  of  two  zero  roots  and  two  other  roots  which  can  he 
real  or  complex  depending  upon  the  relative  magnitude  and  sign  of  the 
derivatives  ^  and  X^  .  For  conventional  signs  for  the 

above  derivatives,  that  is  that  lift  and  drag  Increase  with  angle  of 
attack  and  airspeed,  the  roots  will  invariably  have  negative  real  parts 
and  give  either  convergences  or  in  rare  cases  a  stable  oscillation,  but 
peculiar  combinations  of  wing  and  rotor  contributions  give  values  to  the 


derivatives  that  can  produce  divergences  in  the  mode.  In  order  for  this 
mode  to  be  oscillatory  the  condition  -  -A  <  O  must  be  satis¬ 


fied  where  <^=  I  —  (  -Si 

^  \  or) 


OD  nw/o 


^  and  0.  *  “f  ~  ^ 


Such  a  condition  is  realized  in  the  i  =  57  accelerated  and  decelerated 

W 

and  the  i^  =  44°  accelerated  cases  due  to  the  large  positive  value  of 
Xgx  .  The  positive  values  of  Eo<  noted  in  the  i^  =  70°  conditions 
produce  divergences  as  indicated  in  the  zeroes  of  Figures  62  and  63, 
and  can  probably  be  attributed  to  a  strong  gradient  in  the  wing  drag 
with  angle  of  attack  possibly  due  to  partial  stallljig.  In  any  case, 
the  variations  in  these  real  roots  quickly  disappear  with  the  addition 
of  even  small  amounts  of  Mo<  either  positive  (destabilizing)  or  negative 
(stabilizing)  as  demonstrated  in  Figures 62  and  63.  General  observations 


possible  from  these  Figures  are: 

1)  ¥ith  My  =  0,  addition  of  statically  destabilizing  (+)  Mc><  re¬ 
sults  in  the  appearance  of  a  moderately  long  period,  low  damping,  stable 


146 


osciUation  -  plus  a  pair  of  real  roots,  one  of  -v^lch  is  usually  positive 
and  the  other  negative. 

2)  Addition  of  statically  stabilizing  (+)  to  the  above  motion 

will,  in  general,  reduce  the  magnitude  of  the  positive  real  root,  and 
if  a  sufficient  amount  is  added,  both  real  roots  will  be  convergent, 
indicating  a  stable  static  margin  defined  by  the  E  coefficient  of  the 
characteristic  equation.  This  amount  of  static  stability,  however,  in 
the  absence  of  sufficient  M  q  and  negative  in  the  C  coefficient 

causes  the  previously  stable  oscillatory  roots  to  became  unstable  and 
of  hi^er  frequency. 

3)  Addition  of  stabilizing  (*r)  Mo(  in  the  absence  of  results 
again  in  an  unstable  oscillation  but  in  this  case  the  divergences  are 
transformed  into  another  oscillation  very  similar  to  the  one  encountered 
in  the  +  case  above,  but  formed  by  a  different  pair  of  roots. 

4)  Additional  static  margin  provided  by  +  results  in  Increasing 
the  frequency  of  the  unstable  oscillation  and  driving  the  stable  oscil¬ 
lation  back  into  two  convergences. 

It  can  thus  be  seen  that,  for  either  sign  of  M  of  the  magnitude 

present  in  the  aircraft,  the  end  result  in  the  presence  of  +  My  and 

absence  of  significant  amounts  of  M  q  Is  an  unstable  oscillation  and  a 

convergence  plus  one  other  real  root  that  will  be  either  positive  or 

negative,  depending  on  the  sign  of  the  E  coefficient.  The  only  exception 

to  this  situation  is  to  be  found  in  the  i  =  44°  trim  condition  where 

w 

is  small  enough  that  is  does  not  quite  drive  the  oscillatory  mode 
unstable,  but  by  the  same  token,  not  enough  static  stability  is  present 
to  eliminate  the  divergence  caused  by  the  destabilizing  Mqj;  . 


14T 


I 


At  this  point  hope  stlU  exists  for  the  sel^tlon  of  the  olr- 
poene.s  d^os,  slooe  .11  the  .hove  co,«ldei,tlons  .re  presented  for 
the  t.ll-off  .irplene.  The  posslhllltf  exists  th.t  the  t.11  can  eon- 
trlhnte  desirable  effeets  to  the  over-.ll  .ivpi..e  dfnasdes  and  such 
contributions  will  now  be  considered. 
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Fig.  63 
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TAIL  EFFECTS 


In  order  to  evaluate  the  dynamics  of  the  complete  airplane  It  Is 
necessary. to  develop  a  method  of  predicting  the  stability  derivative 
contributions  of  the  horizontal  tall  and  pitch  fan.  Several  simpli¬ 
fying  assumptions  can  aid  considerably  the  facility  with  which  this  Is 
done .  They  are : 

1)  Tor  the  wing  Incidences  under  consideration,  the  high  T  -  tall 
Is  assumed  to  be  completely  Isolated  from  and  unaffected  by  the  wing  or 
rotor . 

2)  The  tall  makes  no  significant  contribution  to  the  trimmed 
forces  of  the  airplane. 

3)  The  horizontal  stabilizer  and  pitch  fan  exert  no  Interference 
effects  on  one  another. 

!<■)  The  shrouding  effects  of  the  burled  fan  do  not  significantly 
effect  Its  operation.  The  first  assumption  Is  probably  the  least  valid 
of  h-T  1  as  later  experiments  Indicate  considerable  downwash  can  be  present 
even  at  high  wing  Incidences,  and  this  effect  should  certainly  be  Investi¬ 
gated  experimentally  and  the  results  Incorporated  Into  a  more  rigorous 
analysis . 

Proceeding  with  these  assumptions  In  mind,  we  can  determine  the 
operating  conditions  of  the  tall  either  by  predicting  the  forces  on  the 
stabilizer  and  assuming  the  fan  generates  the  remainder  necessary  to 
trim  the  moment  measured  In  the  experiments  or  the  reverse  of  this. 

Since  the  stabilizer  Is  a  relatively  simple  surface  operating  in  undls- 
tiqrbed  flow  by  assumption,  the  former  approach  Is  assumed  to  be  the 
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better  of  the  two  and  the  tall  fan  assumptions  will  only  have  to  apply 
to  Its  derivatives  and  not  to  predicted  forces.  In  order  to  allow  some 
latitude  In  the  predictions,  two  separate  lift  curve  slopes  for  the 
horizontal  tall  were  assumed  and  the  resulting  horizontal  stabilizer 
loads  were  computed  at  various  stabilizer  Incidences  and  using  the 
various  free-stream  trim  speeds.  These  loads  were  then  substituted 
Into  the  trim  equation 

TOTAu  ~  "  O  (D52) 

from  ^Ich  a  solution  for  the  tall  fan  thrust  was  obtained.  Using 
these  thrusts  a  procedure  exactly  like  the  one  presented  In  Appendix  A 
was  followed  to  obtain  values  of  and  from  which 

the  contributions  to  the  moment  derivatives  were  obtained  by  the 
formula 


(1,53) 

Mv,  =  -  Sip  ^  m) 

where  both  derivatives  are  evaluated  at  =  0.  The  stabilizer  con¬ 
tributions  are  similarly  expressed 

--8.S  {  -k  Ss)  (B55) 

Hv,  =  Ss  Cws  CB56) 


153 


where  the  Cj.  Is  simply  the  product  of  the  assumed  =  2  and  h 

and  the  stabilizer  incidence  under  consideration.  The  toteil  tail 
contributions  to  the  static  moment  derivatives  are  given  by 


=  Mc<P  i- 


(D57) 


Mv-t  “  Ms/p  Hn/s 


(D58) 


and  the  values  obtained  are  to  be  found  in  Table  III. 

The  remaining  stability  contribution  of  the  tail - the  pitch 

damping  derivative  Me  - can  now  be  very  easily  evaluated  using 

the  relations  developed  above.  For  this  purpose  it  is  assumed  that 
rotations  of  the  fan  and  stabilizer  about  their  own  axes  make  no  sig¬ 
nificant  contribution  to  Met  ,  assumptions  which  are  quite  valid 
for  both  the  small  dieuneter  rigid  rotor  and  for  the  stabilizer.  The 
only  remaining  effects  are  the  change  in  angle  of  attack  and  velocity 
at  the  tall  due  to  angular  rotation  of  the  aircraft  about  its  c.g. 
Denoting  these  changes  due  to  rotation  with  the  superscript  *,  we  can 
write 


and  referring  to  Figure  65  we  see  that 

^  Jit. 

=  o 

b  © 


(D59) 


(d6o) 

(d6i) 
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when  evaluated  at  ©  =  0  Initially,  and  as  In  Appendix  A 


c>Mt  - 

SMt  _ 

BMi: 

^>\/ 

(d62) 


(d63) 


These  resxxlts  are  to  he  found  presented  In  Figure  66  as  functions  of 
V  along  with  a  comparison  to  total  wing  and  rotor  contrlhutions . 

The  net  results  of  the  addition  of  the  tall  can  he  seen  in  Figure 
67  through  70  and  briefly  summarized  as  follows: 

1)  The  horizontal  stabilizer  euid  pitch  fan  contribute  stabilizing 
Independent  of  tail  incidence,  but  completely  dependent  on  hori¬ 
zontal  stabilizer  lift  curve  slope  and  trim  speed. 

2)  Contribution  to  is  always  stabilizing  and  for  the 


C  =2  case,  of  the  same  order  of  magnitude  as  that  of  the  tall-off 

airplane  at  high  i^.  However,  the  tail  contribution  to  0  increases 
in  magnitude  with  trim  speed,  whereas  the  airplane  tall-off  <^6- 

creases  rapidly  with  increasing  trim  speed.  Both  Me  con¬ 

tributions  of  the  horizontal  stabilizer  are  doubled  by  a  twofold  Increase 
in  assumed  Ct 

s 

3.  The  pitch  fan  contributes  negative  essentially  Independent 
of  stabilizer  Incidence  and  increasing  with  trim  speed,  while  the  hori¬ 
zontal  stabilizer  gives  negative  for  1^  (+)  and  positive  for 

ig  (-),  again  increasing  in  magnitude  with  trim  speed  and  in  proportion 
to  Ct  .  assumed. 
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The  effects  of  the  tail  contributions  as  noted  in  Figures  67 
through  70  in  the  high  1^  conditions  can  be  regarded  as  slight.  It 
is  interesting  to  note  that  the  stabilizing  VI  contribution  of  the 
Cj^  =2  tall  does  not  give  an  over-all  stable  until  the  i^  =  ^4-° 

case  is  reached  where  the  Increase  in  static  margin  results  in  the  elim¬ 
ination  of  the  pure  divergence  at  the  expense  of  reduced  period  of  the 
unstable  oscillation. 

Similar  trends  in  all  cases  considered  are  the  general  result  of 
assuming  the  more  effective  horizontal  stabilizer.  It  is  difficult  to 
estimate  whether  the  mode  damping  Improvements  achieved  by  the  addition 
of  still--  small  amounts  of  -H<a  offset  the  disadvantages  presented 
by  the  extremely  short  periods.  One  very  Important  point  regarding 
the  effect  of  stabilizer  effectiveness  assumed  is  demonstrated  in 
Figure  "JO,  In  this  figure  it  is  apparent  that,  depending  on  the 
contributed  by  the  tail,  the  effect  of  varying  Ig  and  therefore  My.  is 
considerably  altered.  For  small  amounts  of  — as  contributed  by  the 
=2  tail,  increasing  +  Ig  produces  primarily  an  Increase  in 
oscillatory  mode  period,  while  in  the  C,.  =4  case  similar  varl- 

atlon  manifests  Itself  in  decreasing  the  period  and  increasing  damping. 
Also  of  interest  in  this  particular  case  is  the  appearance  of  another 
oscillatory  mode  associated  with  the  large  value  of  —  M  .  The  zeroes 
of  the  Mo«  root  locus  represent  the  roots  of  the  characteristic  equation 
as  M  ^  »  c*o  ^  l.e.  the  phugoid  mode  in  that  no  angle  of  attack 

change  occurs.  In  this  case,  however,  this  mode  is  formed  by  the  two 
negative  real  roots  that  usually  form  the  conventional  aircraft  short 
period  mode. 
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TABLE  II. 


experimental  and  theoretical  trim  conditions 

FULL  SCALE  VALUES 


=  70° 

1  =  57° 

II 

V— ^J'Sec 

23.5 

42.6 

59.8 

0 

0 

0 

a 

-  20° 

-  33° 

-  46° 

A  ^ 
^exp 

13.97 

12.22 

11.47 

0eff° 

12.25 

11.18 

10.70 

G.W.  Lb. 

3200 

3350 

3360 

he 

.0316 

.0573 

.0802 

X 

-  .0918 

-  .0905 

-  .0973 

"t 

.01588 

.01217 

.00848 

a‘  o 

9.7 

17.9 

21.8 

Vp  ^^VSec 

131.4 

117.1 

108.5 
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RESUIiTS:  THBOHETICAL  AND  EXPERIMENTAL  DATA 


Possibly  the  best  way  to  present  an  evaluation  of  the  results  of 
experiments  such  as  those  discussed  herein.  Is  to  compare  the  experi¬ 
mental  results  to  similar  data  from  other  sources.  In  general,  this 
Is  only  possible  to  the  degree  that  the  experiments  In  question  eure 
repetitions  of  preceding  work,  a  situation  that  obviously  can  lead  to 
great  Inefficiencies  in  the  determination  of  new  and  signlflcsuit  Infor¬ 
mation.  In  formulating  a  new  test  program,  it  Is  desirable  to  reach 
a  compromise  that  will  allow  the  accomplishment  of  both  the  test  ob¬ 
jectives  concerned  with  Increasing  the  knowledge  of  the  subject  of 
Interest,  as  well  as  providing  datums  for  evaluation  of  the  validity 
of  this  information.  Such  a  compromise  is  particularly  Important 
when  the  experiments  are  conducted  on  a  new  and  novel  Facility  such 
as  the  Forward  Flight  Facility,  since  the  inclination  would  be  to 
favor  a  program  closely  duplicating  existing  work  in  order  to  provide 
the  utmost  in  correlation  possibilities.  Correlation  was  not,  however, 
the  primary  ptirpose  of  these  experiments,  but  some  comparisons  are 
available  between  the  data  from  tests  conducted  on  the  Forward  Flight 
Facility  and  similar  data  from  other  sources.  One  group  of  these  com¬ 
parisons  is  presented  in  Figures  71  through  73  where  three  static  test 
conditions  are  compared  to  results  from  a  l/4  scale  model  of  the  V-76 
tested  by  the  NACA  in  the  Free  Flight  wind , tunnel  at  langley  Field, 
Virginia.  Since  the  actual  l/h  scale  model  forces  were  not  available 
from  the  information  in  Reference  10,  the  comparison  was  affected  by 
assuming  that  both  models  had  scaled  trim  speeds  equivalent  to  the 
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same  full  scale  value.  With  the  tunnel  speed  values  given  in  Refer¬ 
ence  10  the  full  scale  force  and  moment  values  presented  could  then 
he  reduced  to  the  model  values  at  the  same  scaling  as  the  Princeton 
model  according  to  the  formulae  given  below. 

^model  “  ^.S.  *  (5.2)^ 

“moddl  -  I>F.S. 

It  was  necessary  to  plot  these  results  versus  i  at  constant  CX 

V 

in  order  to  determine  interpolated  values  of  the  forces  and  moment 
at  the  wing  tilt. angles  tested  on  the  Princeton  model.  Operations 
of  this  sort  as  well  as  small  discrepancies  in  the  acceleration 
conditions  compared  tend  to  produce  errors  in  the  results,  but 
general  magnitude  and  trend  agreement  can  still  be  detected  in  the 
comparisons  presented.  The  most  consistent  Inconsistency  between 
the  two  sets  of  data  is  to  be  found  in  the  moment  values.  This, 
however,  is  to  be  expected  since  neither  n  nor  blade  static 
moment  about  the  flapping  hinge  were  scaled  on  the  l/k  scale  NACA 
model,  and  the  hub  moment  due  flapping  hinge  offset  is  a  significant 
rotor  contribution  to  moments  about  the  c.g.  of  the  aircraft.  An¬ 
other  effect  of  not  scaling  jQ  is  the  Implication  that  torque  scaling 
is  neglected  also.  The  developments  concerning  rotational  effects 
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in  a  previous  section  indicate  that  this  may  have  a  profound  influ¬ 
ence  on  the  data  obtained,  since  the  full  scale  wing  operating  condi¬ 
tions  may  not  necessarily  be  duplicated. 

Some  evaluation  of  the  assumption  that  the  model  trim  speed  is 
directly  scalable  from  the  full  scale  trim  speed  cem  be  made  by  con¬ 
sidering  Figure  74  which  presents  a  comparison  between  scaled-up  1 _ 

5.2 

scale  model  trim  speeds  and  full  scale  as  functions  of  wing  tilt 
angle.  The  full  scale  values  are  those  obtained  from  flight  programs 
conducted  by  the  NASA  at  langley  Field,  Virginia,  and  by  the  Vertol 
Aircraft  Corporation,  and  the  model  values  are  obtained  from  both  the 
static  and  the  1-D/F  tests.  The  general  agreement  is  considered  ex¬ 
cellent  since  any  discrepancies  lie  well  within  the  probable  inaccu¬ 
racies  of  measurement  of  full  scal-e  velocity  and  fuselage  angle  of 
attack  which  is  nominally  zero. 

Other  qualitative  remarks  can  be  made  in  comparing  the  model  re¬ 
sults  to  full  scale,  including  the  general  agreements  in  the  tail 
force  required  to  trim,  the  pitching  moment  through  a  partial  tran¬ 
sition  and  the  decrease  in  collective  pitch  necessary  for  constant 
altitude  transition.  These  comparisons,  however,  cannot  be  made  quanti¬ 
tatively  due  to  lack  of  full  scale  information  and  so  no  attempt  at  a 
direct  comparison  has  been  made.  Figure  75  taken  from  Reference  11 
presents  nearly  all  the  full  scale  information  available  on  these  ef¬ 
fects  and  can  be  compared  qual.itatively  with  the  results  of  the  1-D/F 
tests  in  Figure  28  through  33.  By  way  of  explanation  it  should  be 
noted  that  the  full  scale  tests  were  made  at  constant  altitude  with 
a  collective  pitch  decrease  while  the  model  tests  were  made  at  constant 
collective  and  indicate  lift  increasing. 
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From  the  trim  and  transition  comparisons  alone  it  its  reasonable 
to  expect  that  the  model,  scaling,  and  testing  techniques  employed 
provide  reasonable  representations  of  the  full  scale  aircraft  charac¬ 
teristics  and  behaviottr. 
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RESULTS :  PREDICTED  LONGITUDINAL  TRIM 

Figures  j6  and  77  present  the  results  of  the  theoretical  pre¬ 
dictions  of  the  forces  and  moment  contributions  of  the  wing  and  rotor 
as  compared  to  experimentally  measured  total  trim  values .  Included 
are  comparisons  of  the  results  obtained  by  assuming  the  wing  charac¬ 
teristics  of  References  4  and  7  as  well  as  those  given  by  the  average 
values  of  the  rotational  flow  analysis.  Some  of  the  more  interesting 
features  to  be  observed  in  the  comparisons  are: 

1)  The  predicted  Z-Force  values  in  the  i^  =  case  are  approxi¬ 
mately  30  per  cent  less  than  that  required  for  vertical  trim  for  all 
wings  considered.  From  the  X-Force  considerations  in  the  same  condi¬ 
tion,  indications  are  that  the  deficiency  in  lifting  force  should  be 
made  up  by  nearly  equal  contributions  of  wing  and  rotor  in  order  to 
maintain  longitudinal  trim. 

2)  Discrepancies  in  X-Force  comparisons  can  be  attribiited  to 
several  possible  sources,  not  the  least  of  which  is  the  necessity  of 
obtaining  the  difference  of  two  large  forces  to  ascertain  longitudinal 
trim.  One  interesting  pos.sibility  to  be  considered  in  attempting  to 
resolve  vagaries  in  the  prediction  of  longitudinal  trim  conditions  is 
the  effect  of  rotation  on  the  resolved  directions  of  the  wing  lift 
and  drag  forces.  These  forces  have  been  defined  as  acting  respective¬ 
ly  perpendicular  to  and  along  the  resultant  velocity  vector  as  defined 
by  CX.'  -  Changes  in  local  'X  due  to  rotation  would  therefore 
change  the  direction  of  action  of  the  large  lift  force,  thereby  chang-: 
ing  significantly  the  longitudinal  trim  solution.  A  strip  analysis 
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has  been  performed  to  determine  the  magnitude  of  the  corrections  that 
might  arise  from  local  re-resolution  of  the  wing  lift  and  drag  forces . 
The  results  of  this  analysis  are  presented  in  Figure  78  in  a  compari¬ 
son  to  results  obtained  using  the  average  of  the  rotational  and  Cp 

but  resolved  on  the  basis  of  CC'  .  The  results  presented 

NON -ROTATING 

are  meaningful  only  to  the  extent  that  they  indicate  the  magnitude  of 
the  corrections  that  could  be  required;  attempts  to  infer  anything 
beyond  this  are  seriously  questionable  in  view  of  the  crude  asstunptions 
made  in  the  induced  velocity  profile. 

3)  The  theoretical  moment  predictions  presented  in  Figure  77 
show  a  general  under -prediction  ol'  the  positive  moment  encountered 
in  the  tail-off  experiments.  There  exist  numerous  possible  sources 
which  could  contribute  to  the  inaccuracies  apparent  in  the  predicted 
values.  Among  the  most  significant  of  these  are  the  inability  to 
account  for  the  Influence  of  the  wing  on  the  flow  at  the  rotor,  the 
effect  of  fuselage  aerodjuiamlcs,  the  questionable  prediction  of  rotor 
H-Force  and  longitudinal  flapping,  and  the  possibility  of  chordwise 
center  of  pressure  shifts  in  local  wing  flow  conditions .  The  effect 
of  rotation  on  wing  forces  has  been  considered  in  the  moment  contri¬ 
butions  and  the  results  are  presented  in  Figure  77^  and.  Figure  79 
demonstrates  the  effect  of  rotation  and  re -resolution  of  the  wing 
lift  emd  drag  forces .  In.  general,  both  of  these  considerations  ap¬ 
pear  to  worsen  the  discrepancy  between  the  predicted  and  measured 
moments,  indicating  that  the  Inaccuracy  lies  elsewhere  in  the  analysis. 
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RESULTS :  PREDICTED  LONGITUDINAL  DYNAMICS 


The  results  concerned  with  the  remining  test  objectives  --  de¬ 
termination  of  the  static  stability  characteristics  for  use  in  foimiu- 
lation  of  expressions  for  the  aircraft's  dynamic  behaviour  —  are 
best  presented  in  the  Eigures  47  through  54.  However,  some  of  the 
more  salient  features  of  these  presentations  are  worth  noting  as 
being  important  results  of  the  tests  and  alaysis. 

The  most  Important  single  item  to  be  noted  in  the  static  and 
dynamic  stability  characteristics  is  the  overwhelming  influence  of 
the  wing  on  virtually  all  parameters.  The  importance  of  wing  effects 
dictates  a  shift  in  emphasis  concerning  the  influence  of  the  rotor  from 
considerations  of  the  forces  and  moments  it  develops  to  the  operating 
conditions  it  produces  at  the  wing.  Thus  such  problems  as  induced 
velocity  magnitude,  distribution,  direction  and  rotation  assume  a 
significance  not  generally  attributed  to  them  in  conventional  stabili¬ 
ty  and  control  analyses  of  rotor  aircraft.  In  particular,  the  slip¬ 
stream  rotation  has  a  possible  influence  that  would  render  the  neglect 
of  power  scaling  as  a  serious  compromise  on  attempts  to  simulate  the 
full  scale  aircraft  by  means  of  a  model.  Actually  power  scaling  in¬ 
volves  scaling  both  torque  and  RPM  since  the  former  determines  the 
slipstream  rotation  while  the  latter  determines  the  hub  moment  due  to 
flapping  hinge  offset. 

Ihe  Importance  of  the  rotor  slipstream  in  its  influence  of  the 
wing  has  another  interesting  corollary  in  the  effects  of  accelerated 
flight  conditions  on  the  characteristics  of  the  aircraft.  A  consider¬ 
ation  of  Figures  45,  46  and.  6?  through  64  shows  that  a  trimmed  aircraft 
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will  exhibit  distinctly  different  dynamic  characteristics  than  one 
engaged  in  accelerated  maneuvers  such  as  transition  or  STOL  maneuvers . 
These  changes  in  behaviour  generally  transcend  the  expected  vari¬ 
ations  due  to  change  in  flight  speed  or  wing  tilt  angle  alone. 

The  dynamics  of  the  tail-off  aircraft  in  the  higher  wing  tilt 
angle  conditions  arc  generally  characterized  by  excessive  static 
stability  with  insufficient  modal  damping  ,  both  of  which  conditions 
can  be  attributed  to  large  positive  derivatives  and  low  and/or 
unstable  M  q^-  and  M  ^  derivatives .  These  effects  manifest  themselves 
in  an  unstable  oscillatory  mode  with  rather  short  period  increasing 
with  trim  speed.  Reference  to  Figures  52  and  66,  indicates  that 
virtually  all  of  the  unfavorable  contributions  to  ,  and  M  ^  , 

come  from  the  wing  in  its  unstalled  conditions  and  by  far  the  great¬ 
est  amounts  of  the  wing  contributions  are  due  to  the  oc'  derivatives. 

Theoretical  horizontal  tail  and  pitch  fan  contributions  to  the 
moment  derivatives  are  generally  small  except  in  the  highest  velocity 
condition.  Figure  'JO  indicates  that  both  M  _  and  M  contributions 
of  the  tail  are  becoming  significant  in  the  oscillatory  mode.  In 
particular  the  more  effective  Cj  =4  horizontal  stabilizer  pro- 
vldes  sufficient  rate  and  attitude  derivatives  to  stabilise  this 
mode  for  all  stabilizer  incidences.  An  interesting  result  of  a 
comparison  of  the  two  different  horizontal  tail  effectivenesses  as¬ 
sumed  is  the  effect  cf  varying  tail  Incidence  in  each  case.  While 
both  tails  provide  svifficient  static  stability  for  all  incidences  to 
eliminate  the  divergence  noted  in  the  tail-off  case,  the  effect  of 
varying  incidence  is  to  Increase  period  with  the  less  effective  tail 


and  to  decrease  it  with  the  more  effective  one.  The  appearance  of  a 

second  oscillatory  mode  can  be  noted  for  the  amount  of  M  qq  provided 

by  the  C  =4  tail. 

Lots 

In  general  the  tail  is  very  beneficial  in  eliminating  divergences 
present  in  many  of  the  tail-off  conditions,  but  the  mode  damping  im¬ 
provements  affected  in  the  oscillatory  mode  are  bought  at  the  price 
of  large  decreases  in  the  period  of  the  oscillation. 

One  last  point  worthy  of  particular  mention  concerns  the  1^.  =  70° 
divergence  referred  to  above  'vdiich  comes  as  a  direct  result  of  a  nega¬ 
tive  sign  in  the  E  coefficient  of  the  characteristic  equation.  The 
static  instability  is  caused  by  the  positive  value  of  the  Z  deriva¬ 
tive  which  is  multiplied  by  the  large  positive  velocity  stability 
derivative  .  An  examination  of  the  static  test  data  in  Figures  20, 
21,  emd  22  reveals  that  the  total  airplane  forces  are  inflecting  quite 
rapidly  in  the  region  of  zero  ,  which,  when  coupled  with  the 

Inability  to  establish  any  continuity  or  repeatability  in  the  velocity 
varying  runs,  would  lead  one  to  suspect  strongly  the  occuirrence  of  dis¬ 
continuous  and  hysteretic  phenomena  such  as  wing  stall. 

The  non-rotating  CX  *  computed  for  this  trim  condition  is  only 
about  9°^  however,  so  one  must  suspect  local  flow  conditions  such 
as  rotational  effects  as  being  responsible  for  this  behaviour.  A 
more  complete  investigation  of  the  airplane  around  these  conditions 
utilizing  some  technique  of  flow  visualization  such  as  smoke  or  tufts 
might  reveal  some  very  Interesting  phenomena,  but  again  the  importance 
of  careful  power  sealing  must  be  emphasized. 
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and  to  decrease  it  with  the  more  effective  one.  The  appearance  of  a 
second  oscillatory  mode  can  be  noted  for  the  amount  of  M  qq  provided 
by  the  C,  =4  tail. 

In  general  the  tall  is  very  beneficial  in  eliminating  divergences 
present  in  many  of  the  tall-off  conditions,  but  the  mode  damping  im¬ 
provements  affected  in  the  oscillatory  mode  are  bought  at  the  price 
of  large  decreases  in  the  period  of  the  oscillation. 

One  last  point  worthy  of  particular  mention  concerns  the  1^.  =  70° 
divergence  referred  to  above  'vdilch  comes  as  a  direct  result  of  a  nega¬ 
tive  sign  in  the  E  coefficient  of  the  characteristic  equation.  The 
static  instability  is  caused  by  the  positive  value  of  the  Z  q,-  deriva¬ 
tive  which  is  multiplied  by  the  large  positive  velocity  stability 
derivative  M^.  .  An  examir.ation  of  the  static  test  data  in  Figures  20, 
21,  and  22  reveals  that  the  total  airplane  forces  are  inflecting  quite 
rapidly  in  the  region  of  zero  CC^  ,  which,  when  coupled  with  the 
Inability  to  establish  any  continuity  or  repeatability  in  the  velocity 
varying  rtins,  would  lead  one  to  suspect  strongly  the  occurrence  of  dis¬ 
continuous  and  hysteretic  phenomena  such  as  wing  stall. 

The  non-rotating  CX  ^  computed  for  this  trim  condition  is  only 
about  9°^  however,  so  one  must  suspect  local  flow  conditions  such 
as  rotational  effects  as  being  responsible  for  this  behaviour.  A 
more  complete  investigation  of  the  airplane  around  these  conditions 
utilizing  some  technique  of  flow  visualization  such  as  smoke  or  tufts 
might  reveal  some  very  Interesting  phenomena,  but  again  the  importance 
of  careful  power  sealing  must  be  emphasized. 
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CONCLUSIONS:  THEORETICAL  AND  EXPERIMENTAL  DATA 
Several  important  conclusions  can  be  drawn  from  the  discussion  and 
results  of  the  tests  and  the  associated  analyses  presented.  Those  deemed 
worthy  of  particular  mention  are  listed  below,  not  necessarily  in  order  of 
importance . 

1.  (a)  The  Forward  Flight  Facility,  although  designed  primarily  for 

dynamic  testing,  can  be  satisfactorily  and  beneficially  used 
as  a  static  testing  facility. 

(b)  Information  obtained  from  static  tests  of  a  I/5  scale  model  of 
the  VERTOL  V-76  con^ares  favorably  with  the  results  of  wind 
tvinnel  tests  conducted  on  a  l/4  scale  model  of  the  same  aircraft . 
Neglect  of  proper  torque  and  £1  scaling  in  the  \/h  scale  model 
tests  eliminates  the  possibility  of  a  comparison  of  the  airplane 
pitching  moments. 

(c)  Trim  speeds  obtained  from  the  static  tests  and  the  horizontal 
degree  of  freedom  dynamic  tests  lie  well  within  the  probable 
scatter  of  trim  speeds  measured  on  the  full  scale  aircraft . 

(d)  General  trends  of  collective  pitch  and  tail  load  required  to  trim 
during  model  transition  tests  compare  well  with  measxirements  made  ■ 
on  the  full  scale  aircraft  in  similar  manewers . 

2.  (a)  The  importance  of  the  wing  and  the  Influence  of  the  rotor  on  the 

wing  demand  separate  measxirement  of  wing  euid  rotor  forces  for  ade- 
q\iate  evaluation  of  their  respective  contributions  to  the  trim 
forces  and  moments  and  the  static  stability  derivatives. 
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2. 


(b)  Use  of  power-off  wing  chaxacterlstlcs  in  conjunction  with  the 


3. 


4. 


vector  summation  of  free  stream  and  induced  velocities  is  inade¬ 
quate  for  prediction  of  wing  characteristics . 

(c)  The  possibility  exists  of  significant  influence  of  rotational  flow 

on  the  overadl  wing  operating  conditions  and  derivative  contributions. 

(a)  Dynamic  characteristics  predicted  by  the  use  of  the  measured  tail- 
off  static  stability  derivatives  exhibit  a  general  symptomatic 
behavior  of  excessive  static  margin,  contributed  by  My,  and  in¬ 
sufficient  oscillatoiy  mode  damping. 

(b)  Excess  static  margin  as  noted  above  in  '3(a)  manifests  itself  in 

a  shorn  period  divergent  oscillation.  Addition  of  a  theoretical 
tail  is  in  itself  inadequate  to  stabilize  this  oscillation  except 
at  high  trim  speeds . 

(c)  Some  alleviation  of  the  problems  associated  with  the  oscillatory 
motion  can  be  affected  by  the  use  of  positive  tail  Incidences 
which  result  in  an  overall  reduction  in  the  velocity  stability 
of  the  aircraft .  Such  a  procedure  will  effect  both  period  and 
damping  depending  upon  the  tail  effectiveness  assumed. 

(a)  In  view  of  the  possible  importance  of  the  airplane  power  conditions 
it  is  recommended  that  futxare  dynamic  tests  be  conducted  in  the 
accelerated  flight  conditions  encountered  during  transition. 

(b)  In  order  to  comply  with  the  above  recommendation,  complete  trans¬ 
itions  of  the  model  with  trimmed  vert.ical  forces  should  be  con-  -- 
ducted,  to  determine  the  exact  acceleration  profiles  encountered 
in  various  scaled  trim  transitions . 


186 


REFERENCES 


1.  Gebhard,  David  F.,  An  Econoiuical  Techniiiue  for  the  Construction 
and  Hovering  Flight  Evaliiation  of  DyiMunically  Similar  Helicopter 
Models.,  Princeton  university  Aeronautical  Engineering  Department, 
Report  No.  373 ^  November  I956. 

2.  Bennett,  Robert  M.  and  Curtiss,  Howard  C.  Jr.,  An  Experimental 
Investigation  of  Helicopter  Stability  Characteristics  Near 
Hovering  Flight  Using  a  Dynamically  Similar  Scale  Model., 

Princeton  University  Aeronautical  Engineering  Department, 

Report  No.  ^17,  July  1Q60. 

3.  ^te.rtinez,  Esteban,  A  Nev  Facility  For  the  Study  of  Aircraft 
Dynamics.,  Aeronautical  Engineering  Department,  Princeton 
University,  Report  No.  332,  December  i960. 

4.  Freck,  P.,  A  Preliminary  Investigation  of  a  Tilt-Wing  Propeller 
Driven  VTOL  Aircraft,  Princeton  University  Department  of  Aeronautical 
Engineering,  Report  No.  4^6,  May  1959* 

5.  Hargraves,  Charles  R.,  An  Analytical  Study  of  the  Longitudinal 
Dynamics  of  a  Tilt-Wing  VTOL.,  To  be  published. 

6.  Gessow,  Alfred,  and  Myers,  Garry  C.  Jr.,  Aerodynamics  of  the 
Helicopter.,  The  MacMillan  Company,  1932. 

7.  Cromwell,  Charles  K.  Ill,  eind  Payne,  Henry  E.,  Ill,  A  Stability 
Analysis  of  Tilt' Wing  Aircraft,  Princeton  University  Aeronautical 
Engineering  Department,  Report  No.  kTJ ,  May  i960 

8.  Shapiro,  Jacob,  Principles  of  Helicopter  Engineering,  McGraw  Hill, 

1955. 

9.  Nikolsky,  A. A.,  "Notes  From  Princeton  University  Aeronautical 
Engineering  Course  A.E.  567.'  368,  1957 j  Unpublished. 

10.  Filicko,  J.J.  and  Poore,  P.L. ,  NACA  Wing  Tunnel  Test  Results  of 

the  Vertol  Model  76,  Vertol  Aircraft  Corporation  Report  Aeronautical 
Inv.  Ill  -  133. 

11.  Stepniewski,  W.  Z.,  and  Danclk,  Paul  J.,  Flight  Testing  Experiments 
with  the  Tilt  -Wing  Aircraft,  Inf=titute  of  Aeronautical  Sciences 
Report  No.  59  -  8,  Jarrjary  1939* 


12.  Nikolsky,  A.A.,  Helicopter  Analysis,  John  Wiley  and  Sons,  Inc. 

1951 

13.  Seckel,  Edward,  and  Curtiss,  Howard  C.  Jr.,  Aerodynamic  Forces 
and  Stability  Derivatives,  Bfey  1957^  Unpublished. 

14.  Kuhn,  Richard  E.,  and  Draper,  John  W. ,  "Investigation  of  the 
Aerodynamic  Characteristics  of  a  Model  Wing  Propeller  Combination 
and  of  the  Wing  euid  Propeller  Separately  at  Angles  of  Attack  up 
to  90°  ".  NACA  TR  1263,  1956. 


188 


APPENDIX  A 


For  the  purpose  of  developing  theoretical  expressions  for  the 
static  stability  derivatives  of  the  Vertol  76,  it  is  desirable  to 
separate  the  effects  of  the  rotor  and  those  of  the  wing  for  analysis 
combining  them  later  for  the  total  stability  derivatives.  It  is 
assumed  in  this  analysis  that  the  presence  of  the  wing  behind  the 
rotor  has  no  effect  on  the  rotor's  operating  characteristics,  where¬ 
as  the  presence  of  the  rotor  ahead  of  the  wing  intimately  affects 
the  operating  characteristics  of  the  wing  as  discussed  in  the 
Part  III  page  101  and  as  presented  in  the  following  analysis. 

Referring  to  Figure  l3  page  69  we  can  write  three  equations  of 
static  equilibrium. 

If,  -  0-  ZZ  (1) 

(a) 

(3) 

Writing  the  rotor  forces  about  an  eucls  system  coincident  with  the 
shaft  with  its  origin  in  the  plane  of  the  flapping  hinges  and  re¬ 
solving  the  moment  about  the  airplane  c.g.  gives; 

Cfed.  JLoj 

IS9 


w 

(5) 

(6) 


Similarly  the  wing  forces  ■'and  moment  inay  be  written 


L-UJ  C  Doj  JUJf^  ^  ^  ^ 

(7) 

~  ~V_to  ^  i.  «jo  “  ^ ^  ^00  C64.  ^  Leo  ~  ^  ^ 

(8) 

1^00=^  Ma.c.  i"  2.eo  Xuj  -^to  Zoo 

(9) 

0 

and  finally  for  the  fuselage 

Z  ^  CerA,  o<  ^  —  D  o<  4: 

(10) 

-  -  D.f  C*4.  o(,p  -V  PiXX\  o<f 

(11) 

MfT=  Mf  -  Z-f  )Cf  +  Xf  Zf 

(12) 

The  choice  of  axis  system  for  the  rotor  could,  be  an  unfortunate 
one  ■were  it  not  for  the  fact  that  this  airplane  has  no  cyclic  control 
provided,  and  therefore  no  complication  due  to  the  appearance  of  con¬ 
trol  terms  in  the  expressions  for  forces  and  derivatives.  Using  the 
developments  of  References  6  and  12  the  expressions  for  the  non-dl- 
mensionalized  rotor  characteristics  are: 


=  ©  -V-  A  -V  Mx  ^  (13) 

oxy  v5  SK  ^ 

where  the  tip-loss  factor  B  =  1 


OlCT 


>?  ¥  I")]', 


(14) 
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_  ■  X  Cc4. 
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r  OCyl.^cX  ^  30  ] 

L  ^  y  3  J 


(15) 


Mh* 


in  dimensional  fomn  (l6) 


The  wing  terms  may  be  written  in  terms  of  the  dependent  variables 


) 

and  \4=  VrCM«i,o<) 

as  follows: 

L-ui  * 

1 

S  Cu 

(17) 

D^  = 

1 

A 

p  S  Cip 

(18) 

Mac  .= 

± 

5 

p  V(?  CC.MA<i,) 

(19) 

where  and  C  are  functions  of  £?< 

L  D 

Again  referring  to  Figure  2  and  using  the  laws  of  sines  and 
cosines  respectively,  and  assuming  fully  developed  slipstream  at  the 
wing,  we  can  write  the  expressions  for  the  dependent  variables 

^'=  c^-l  '^/iXR-.X.  (20) 

CC^  (X 

Vf^  ^  \)mx  +  (21) 
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Using  simple  axial  momentum  theory  and  equating  the  thrust  to 


the  change  in  axial  momentum  through  the  disk. 


(VT  ^ 

-a.R 


X  \J  >?■  +  ce-lf  at 


we  find  that 


(22) 


In  order  to  determine  the  operating  conditions  of  the  wing  and 
rotor  it  is  necessary  to  evaluate  the  rotor  parameters  and  X  • 
With  these  quantities  it  is  then  possible  to  determine  from  equations 
(20)  through  (22)  the  wing  angle  of  attack  ,  the  resultant  ve¬ 
locity  at  the  wing,  \/f^&s  well  as  On  >  of  the  rotor.  At  this 

point  two  or  more  alternatives  present  themselves  for  estimating  the 
wing  parameters  0i_  and  Cp  .  The  most  straight-forward  one  as  pre¬ 
sented  in  Reference  4,  and  with  modifications  in  Reference  5,  is  to 

,  I 

use  power-off  lift  and  drag  curves  with  the  OC  determined  above. 
Another  is  to  use  experimental  plots  of  wing  forces  versus  oC*  at  ,, 
various  power  conditions  which  are  rarely  obtainable,  but  available 
in  Reference  7  for  a  rather  different  wing-rotor  combination  than 
that  under  consideration  in  this  report.  Still'  another  method  is  to 
go  through  an-inverse  solution  from  the  experimental  trim  conditions, 
using  theoretically  determined  -values  of  Ct,  Ch  and  as  above, 

and  solving  for  the  wing  lift  and  drag  forces .  For  this  purpose  it 
can  be  assumed  that  the  fuselage  is  non-lifting,  makes  a  negligible 
contribution  to  pitching  moment,  and,  over  small  remges  of  angle  of 
attack,  has  constant  drag  contributed  solely  by  the  approximately 
spherical  nose  bubble.  Since  the  trim  conditions  are  at  c»<'^  =  O  the 
two  force  trim  equations  may  be  written  as 


W  CU.I10  vTs 
3)=  O  =  T lu.- 


\n  +  L(jo  Cc>4.(^jL.ui~"  ) 

“  Doj  5\n  ) 

V4  bgo  ^uj  s\ir>  ^ 

~  DlO 
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(23) 

(24) 
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poqq.ata  aaxdurps  y  ’joqox  qonra  JsqjB  ^xuo  qnq  paAfjJB  sq  pxnoo  'y/ 
puB  X;^  joj  aoxqnios  qi:oTT«Jx3  tre  ^  pire  ©  '  )0  JOj  sanpHA  ubato 


(65) 


"O 


—  K5  uvQ  xrY 
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-ap  JO  poqqani  b  quasaad  nou  ubo  oa  'najA  up  spqq  qppA  Suppaaooja 

•pasn  spoqqara  aqq 

dopaAap  op  jCpuo  uoppoag-  spqp  jo  asodjcnd  aqp  3upaq  pp  ‘paodao:  spqp  jo 


III  JifE'd  tip  passnospp  auB  puB  papjtp  aaaA  spoqpam  asaqp  jo  ppy 


•A_ 


pUB  A 


p  uoj  sanpBA  JO  pas  jaqpouB  ppapiC  TTTA  (93)  puB  (^g)  suoppBn'ba 


(93) 


aaaHdSr 


IViNOad  ,  Xm/.  I  5  j  j 

VgCav  n)  cl  -  -  -  =  '^x  psqp  suppou 

« 

(  -  p)  soo  (-^x  -  P  SOO  I  -  p  ups  H  - 

(  ,>®  -  ^T)  tiTS  (  '^P  ups  Ji  +  %  goo  H  +  W  -)  =  \ 


pUB 


(6S) 


(  ,>®  -  ■^P)  upg  ("p  ups  H-'^TS00i  +  '^)  + 

(  ,)0  -  "t)  soo  (*p  ups  Ji  -  "p  soo  H  -  M)  =  ■^[ 
ssApS  ■^a  PtiB  JOj  SupApos  puB  Supupqraoo 


(25) 


Combining  and  solving  for  L  and  D  gives 

w  w 

]^  =  (W  -  H  cos  i^  -  T  sin  i^)  cos  (i^  -  o('  ) 

+  (X^  +  T  cos  -  H  sin  i^)  sin  (i^  -  o<'  ) 


and 


D  =  (-  W  +  H  cos  i  +  T  sin  i  )  sin  (i  -  cx'  ) 
w  '  w  w  '  w 

-  H  sin  -  T  cos  i^  -  }^)  cos  (i^  -  cx'  ) 
Noting  that  |  P  ^ 


(26) 


FRONTAL  Dsphtok 


equations  (25)  and  (26)  will  yield  another  set  of  values  for 
D  All  of  these  methods  were  tried  and  are  discussed  in  Part  III 

W  • 

of  this  report,  it  being  the  purpose  of  this  Section  only  to  develop 
the  methods  used. 

Proceeding  with  this  in  view,  we  can  now  present  a  method  of  de¬ 
termining  the  rotor  parameters  C  and  A  necessary  for  all  of  the 

T 

above  developments. 

Using  equations  (13),(28)  and  the  definition  of 


>  -  /Ax  ^ 


(28) 


two  equations  can  be  written  in  and  X  ;  one  is  equation  (lO)  and 
the  other  a  fourth  order  in  X  ^ 


Ct 


5  t 


(29) 


Given  values  for  CX  ,  Q  and  an  explicit  solution  for  O-f  and 
X  could  be  arrived  at,  but  only  after  much  labor.  A  simpler  method 
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Is  to  use  the  charts  developed  In  Appendix  B  for  this  purpose,  and 
as  explained  "below.  On  page  99  of  Fart  III  is  discussed  a  method 
of  determining  a  which  may  be  used  in  turn  to  solve  for  and 

in  the  following  manner.  We  have  in  the  experimental  data  three 
values  of  hovering  thrust  (neglecting  wing  profile  and  Induced  drag 
at  0<*  =  O)  presented  as  Figure  20  page  71  ,  corresponding  to  the 

collective  pitch  settings  for  the  three  unaccelerated  forward  flight 
conditions  of  Figures  22,  25  and  27  on  pages  73,  76  and  Jd. 

Setting  =  0  in  equation  (28)  gives 


Xv.-  - 


KT 

in^ 


(30) 


and  again  applying  axial  momentum  theory 


(VT 


'  11  R  \| 


(31) 


Combining  equations  (30)  and  (31)  gives 


Xv,-  -r-? 


Ct^  (32) 

which  can  be  substituted  into  equation  (13)  to  obtain  a  solution  for 


With  the  value  for  proceed  to  solve  for  and 


in  the  following  manner. 

Using  the 

notation  of  Appendix  B  where 

Xc-  - 

\ 

(33) 

X  - 

A 

Ao 

(34) 

Ao 

(35) 
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(36) 


we  can  re-arrange  equation  (13)  to  give 


-  >L  ±  \  A""  -4.  Ik 

_ M  o-cr  3 


and  combining  expressions  (33)  and  (32)  with  the  definition  of  p  ^ 


we  have 


V  =  -riR  px  \  % 


Figure  83  page  215  presents  a  plot  of  X  versus  for  con¬ 

stant  which  may  be  used  to  determine  X  for  any  value  of  /^x 
chosen  at  the  particular  cK  .  Using  the  values  of  X  <5o  determined 
from  Figure  83  in  equation  (36)  and  an  arbitrarily  chosen  value  of 
Xlx  equation  (37)  enables  us  to  make  a  plot  of  versus  V  for 

=  constant.  From  this  curve  ve  can  then  determine  the  values  of 
corresponding  to  the  particular  condition  under  consideration  (V 
and  <7<  ).  The  only  quantity  left,  X  ,  can  be  found  by  substituting 
into  equation  (33)  to  find  X^  which  may  be  used  in  equation  (34) 
along  with  X  from  above  to  find  X •  Having  determined  the  oper¬ 
ating  conditions  of  the  wing  and  rotor  we  can  now  proceed  to  the  de¬ 
velopment  of  expressions  for  the  static  stability  derivatives. 

Referring  to  equations  (l)  through  (3)  we  can  write 


1 


=  I  +  + 

Oo<  'M;<  ocK 


M  ■>( 


^1  = 
6p<  Imx 


I  ^  ^  1 


bMfR  I 
<b(7< 
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I  .  I 


-O-R 

c>2  1 

dy^xl^ 

-i. 

(^1) 

-Q-R 

^Xa>| 

d^l 

^yUy.  1=^ 

(42) 

ILR 

dHI 

.j. 

6Mai|  ^ 
byU>^ 

I 

(43) 

where 

all  derivatives  are  to  be 

evaluated  at 

the  trim  conditions 

previously  determined.  The  contributions  may  then  be  written  using 


equations  (4) 

through 

(6) 

as 

c)Zp  . 
ScX 

-  ^ 
dcX 

X-oj 

— 

<^T 

dc?< 

/CulO 

i_UJ 

(44) 

SXr  ^  , 
do< 

-  a)V^ 

/4jun 

X-  OkJ 

-V- 

bT 

CAA. 

-C  (Jij 

(45) 

dMf?  ^ 

cbHh 

— 

ax,,  _ 

>^R 

SZk’ 

■53; 

(46) 

^)^R  ==  - 

^7^ 

.  a>M 

o&<. 

X.* 

— 

■bT 

^/Ax 

,4jiJir, 

X-  uj 

(47) 

li 

1 

^\-i 

A-»-in 

A- 

-V- 

aT 

SJXf, 

CCA 

'  X,  u) 

(48) 

II 

bMvi 

— 

ax, 

R  _ 

X 

SZs 

c>Hf 

(49) 

where 


^  = 
bc< 

Trp^^ 

(50) 

II 

rr  p 

SCt 

(51) 
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^  =  Trp  xi?-  ^ 


4^  =  Trp  4—*-*  ( 

o^x  ' 

and  the  constant  c^  implicit.  Differentiating 

equation  (I3)  with  respect  to  c(.  andy^^  respectively 

^  “4-4^1.  -  Mv  ^^'no<Cc40C  ( 

OjCT  ^>(5t  l/Wy.  ^  ^ 


iL  dOr  I  =  _L  I  4- 
CUT  3.  "STax'®^ 


Clfcrd.‘^C?< 


and  operating  similarly  on  equations  (l4)  and  (15)  ve  have 


dCy 

04“  ^X 


9 

^ywx 


l(oL^a(r>'^  a^Ux  ^l/xx 

+^>>^  cu^0<A“'0/)] 

faXCoMtt^  - )?  C  (56) 

It/fT  L  dcX  Mx  J 

A  C^oC  +  cc<t.<  [(®f  ^ 


+C#}  A  -  3-  Mx  c^^ca)] 

-^[aAAA,c 


(57) 


where 

A  = 


STT/Uic 


6  = 


_  1 


Q  -  (^  \  - 

^i|  =  (AA;,  )^  ( 1  _  My'  \ .  ^ 9 

ctj^^:^  1-a.y  _  ^  4  5 

^  r -L  (i  ,  My  CCS^cXN  ^ 

^■YiX^Qjb^dL  L^  \  A  /  ^  >^X 


^<5^i  I  =  /U^0(  C^>  Ctr4g<  ^ 

P)f>(  luv  '  (  il?"  -I-.1 


A  kii 


|o^^  ci>eri.o(  5mo( 


I  =  firjc»<\o(  (  -^  M>  Co^^cx)  \  ^  ,  U^-  (Lc?<l^j 


^  ^KK%CJ3<.ok  r  J_  (.  ax>^g<>j  ^X 


'^A  U 


Referring  to  ';:',aDle  II  page  ^?'7  which  present.^  a  table  of  the 
calculated  values  of  the  trim  variables,  we  find  that  considerable 
simplification  is  possible  if  some  of  the  higher  order  terms  are  neg¬ 
lected  in  the  derivatives.  It  follows  that  eqtia-oions  (pA),  (55) j  (6l) 
and  (62)  may  be  simplified  to 
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7L 

^Cr 

*  c>A  I 

(63) 

CUT 

d(^ 

Mx  9^ 

our 

=  J_  1 

31  ^jUy  l<^ 

(64) 

(65) 

bat.  1  ^ 

4- i- ^(.aAk  *^^0^ 

(66) 

neglecting  only  terms  whose  contribution  would  be  on  the  order  of  5 
per  cent  or  less.  Unfortunately,  however,  the  rather  lengthy  ex¬ 
pressions  (56)  through  (60)  for  the  H-force  derivatives  cannot  be 
handily  simplified  without  neglecting  terms  of  greater  than  10  per 
cent  contribution  and  therefore  the  calculations  were  carried  out 
using  all  terms  of  equations  (56)  and  (57)- 

Differentiating  equation  (I6)  with  respect  to  cK  and  re¬ 

spectively,  gives  for  the  flapping-hinge  offset  contribution  to  moment 
derivatives 


bo<  Imx 

<Z  b  C.F. 

^•1 

BoT  'Mx 

(6?) 

^Hh|  - 

(^be.F. 

ba.  1 

(68) 

using  the  expressions  (65)  and 

(66)  for 

spectlvely  < 
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The  C-j-  and  X  derivatives  may  be  evaluated  by  means  of  the 
charts  presented  on  page  2l6  Appendix  B,  by  the  following  method. 
Applying  the  chain  rule  of  differentiation  to  the  X  derivatives 
gives : 


241  = 

bX  1  ^ 

24. 1 

1  1 

(69) 

bix  4’“ 

&Ct' 

^o< 

- 

3X  1 

1  Ot jCy 

1  BCt-  1 

(70) 

X  jiA,,  •‘K 

which,  when  solved  simultaneously  with  equations  (63)  and  (64)  re¬ 
spectively,  gives 


^CtI  = 

2X  (  ^ 

"So? 

(71) 

ac7< 

%ir-  ^’1. 

CC.-r  iMy^eX 

■bX  1  ^ 

A-  “bCr  1 

(72) 

•aa 

ctG"  d(?v 

bCrl  . 

^  1 

(73) 

5yWj<  U 

1  . 

4*  &Ct  I 

(74) 

^  '"SJ^  H 

The  derivatives  \  |  a  1 

dcP^  ,  0^)1  ^ 

may  be  evaluated  by  using  the  charts  on  pages  216  through  2l8  of 
Appendix  B,  noting  that 

(75) 

\  _  J_  r  X 


(76) 


and  using  the  definitions  of  equations  (33)  through  (35)  and  the 
values  obtained  in  the  previous  analysis. 


Proceeding  now  to  the  wing  force  and  moment  derivatives  and 
using  the  dependent  variables 

we  have 


I  i 


(77) 


I  =.  by(k\ 

=  ”^1  -V- 


(78) 

(79) 


’^Xool  I  ^ 

^s/f?  ^ 


1  _  '^Muj|  ^*1  .  BM>o|  I 

bc<  lyu>  "bcX' b  Vr  6cx> 


(80) 

(81) 


'b'^R 


b|A>(.  U  "bcp^'  U 

Noting  that  the  expressions  (20)  and  (21)  for  and  N/r  re¬ 


spectively  are  in  terms  of  another  dependent  variable 
we  have 


115^  .OJR 


(./A/.  >  o<^ 
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do< 


/A)^  CCni.  o(.  (^  \  ^■  Cet.*cx.'^ 

My.  CC4,  o<  (^  I  'V'  ^  cX 


Mx 


(83) 


l^u- 


and  differentiating  expression  (22)  gives 


(84) 


(85) 


..(86) 


AA^  CM/A  5^no( } 

'dfJ^y. 

A  Mi 

) 

co^v) 

^  ^  C  M'?  Cc>4^^  cX 

) 

(87) 


(88) 


Referring  to  equations  (7)  through  (9)  and  making  the  simplifying 
assumptions  that  CJtrLd^' =  I  ,  jWifx/!  =  c<*  after  differentiation. 


we  have  2.  f  T  1 

h%M  .  _  1  oVrS  j 

^[(C.-Co.')^CC  t  Cc>)o(']  ^VM-uo  j 

1  =  —  pV(?  5  \  (,0--  Cp)cifcOu  -V  (^c^*Ci_-Gj>)  /u/i\  L  tJl 

c>VrW.°^  1  *-  J 


(89) 


(90) 
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OS-oj  I 
boC  1 

,Ujk  io< 

-'Cb*'  “C 

u)  “to  CJBi  iuuj 

+  tCCpt■Cl.^')-^ 

CCa.' 

J  fiJL/Ti  L 

1 

9Vr 

-  |0N/(^  5  CCd  - 

3Moa 

s 

bMa.c  1  -V- 

-  Zoc 

dX>| 

boC 

bc><'  W/O' 

OC3t'  lu>,0^ 

bMool 

^  1 

h^iti 

b^oj  1  _  7  . 

sx.. 

QVr 

bs/R 

(92) 


(93) 


where  by  definition  of  a.c. 


b<7<' 

and  from  equation  (19) 


S  O 


(94) 


(95) 


2>Ma.o 

^  \/f^  MiCj 


(96) 


The  fuselage  derivatives  may  be  evaluated  by  differentiating 
equations  (lO)  through  (12)  with  respect  to  and  ,  remembering 
the  previous  assumptions  concerning  fuselage  contributions  and  noting 
that  0<  ^  -  (?(  giving  finally 


=  — -L  pv^  As  Cd3  (^sm  cjbd.cA  -  cjbd. iL,^^  yhjrt 

bc?<  ^  ' 
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I  =  p  N/  As  Cp5  CCkL  A-Ci>  ~  C>^)  O  (98) 

I 


I  = 
dcK  lp>. 


p  V^As^os  i-oj yftJUicH  -V  ejal  Lcj  CJj^cX^ 

—  p  V  As  (  II  tu  -  ) 


y  r  I 

'  dcK  I^A 


'  (99) 

-o<) 

(100) 

(101) 

'bw  u 


-  Xf 


+ 


C)V 


(?( 


(102) 


where  ^'03  is  as  defined  above. 

Using  the  values  of  Ci»  ,  ,  Co  and  Oopt'  derived  by  one 

of  the  various  methods  discussed  and  presented  in  Figures  4l  and  ^'2, 
along  with  the  rotor  derivatives,  ttie  wing  derivatives  may  be  evaluated 
at  the  various  trim  conditions  by  progressive  substitution.  The  re¬ 
sulting  values  for  wing,  rotor  and  combined  derivatives  as  well  as  the 
trim,  conditions  are  to  be  found  tabulated  in  T,Lble  III  on  page  158. 

Evaluation  of  the  tail-off  pitch-rate  derivative  Me  is  for  the 
most  part  an  accomplished  fact  once  the  earlier  developments  of  this 
section  have  been  dealt  with.  The  moments  generated  from  a  rotational 
velocity  of  the  aircraft  about  its  c.g.  arise  from  three  distinct 
sources 

1)  The  contributions  due  to  the  wing  and  rotor  rotating  about  , 
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their  own  axis, 

2)  Contributions  due  to  change  in  local  angle  of  attack  at  the 
wing  and  rotor, 

3)  Contributions  due  to  change  in  local  velocity  at  the  wing 
and  rotor . 

The  latter  two  effects  arise  from  the  displacement  of  the  wing 
and  rotor  from  the  c.g.  and  the  resultant  linear  velocity  produced  by 
rotation  about  the  c.g.  If  we  denote  the  change  in  angle  of  attack 
due  to  rotation  about  the  c.g.  by  C7<  at  the  rotor  and  the  change 
in  velocity  at  the  rotor  by  \/*  then  from  Figure  32  we  can  write. 


V>(1  AiXVi  Cc?<  ±Yl)  V 

(103) 

00 

v/,0l 

(  »  -t- £v-Kr© 

^1 

V,CX 

(104) 

which. 

• 

when  evaluated  at  0*0  initially,  give 

j?  ) 

(103a) 

36 

V,os 

\  -V- 

bV* 

0)0 

1  \/,oi 

-  ViR 

(I04a) 

Similarly  for  the  wing  we  can  refer  to  Figure  62  and,  remembering  that 
and  Vo  are  both  dependent  functions  of  and  \/  ,  write 


bo< 


^)9 


=  ^ 
\/,o<  bQ 


dc<*  b© 


b\/* 


(105) 
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'bQ  v’jcx  "00  ^V(?*  bo  "bo**^ 

where 


^6  'v’o(* 


\  +  ' 


(106) 


(107) 


b  V’R*'  I 
b  ©  •  V  0<  «■ 


(108) 


which  have  been  evaluated  at  0-0  initially,  it  can  be  noted  at 
this  point  thatj  since  the  definition  of  the  partial  derivative  places 
no  qualifications  on  the  source  of  the  change  in  the  variable,  then 
the  following  identities  are  true 

do<'  ^  b)0<' 

(109) 


"bv^  5v  (110) 


^Vr  =  b>VR 

(111) 


bV 


(112) 
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where  the  quantities  on  the  right  hand  side  are  the  ones  developed 
previously.  Each  of  the  above  three  sources  of  moment  about  the  air¬ 
craft  c.g.  can,  in  turn,  produce  this  moment  in  two  ways,  which  are 
in  general: 

1)  Pure  moments  about  the  hub  of  the  rotor  and  the  wing  a.c., 

and 

2)  A  force  applied  at  some  moment  arm  from  the  c.g. 

Equations  A(6)  and  A(9)  state  this  more  particularly  by  breaking  the 
forces  and  moment  arms  up  into  two  rectilinear  components,  giving: 


Mr  =• 

Mv,  - 

(a6) 

Mw  > 

Mat, 

(A9) 

which,  when  differentiated  with  respect  to  ©  give 


_ 

ZG 

(113) 

-t  s — 

(114) 

■^0 

The  rotor  forces  are  best  handled  by  resolving  about  the  thrust  and 
H-force  axes  by  equations  A-k  and  5’- 

'OB  'OQ 

=r  -  -V- 

^©  Z)0  b© 
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and  the  hub  moment  is  best  detennined  In  terms  of  the  dependent  vari¬ 
able  and  the  simple  expansion 


^  bMv, 

2)0 


(117) 


Proceeding  now  with  the  determination  of  the  various  parts,  we  can  ex¬ 
pand  by  chain  rule  giving 


■be 

VjO( 

■gr  1  +  Sr  +  'ST  £b£* 

Se  lv>,o(’  <»“'  b&  cv*  be 

(118) 

be 

bW  1 

bel 

+  ^  ckX''  +  'bV 

v'.rf.  ba  bv»  b5 

(119) 

biHvil 
"bQ  ly,<j< 

« r  1  ‘bo<^ 

bb,  L  be  bcK^  be 

(020) 

"bb.*  c)V*l 
bV^  be  J 

where 

ej'T 

^>C7S 

(121) 

bH 

bH 

(122) 

br  IS 

bv^ 

bT 

(123) 

bv^  _ 

bH 

bv" 

(121+) 

b^t  = 

ba, 

do< 

(125) 

bv*  " 

b<2^. 

(126) 

bH^  . 

=  e  b  C.R 

(127) 

b<3ii 

:z. 
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all  of  which  have  already  been  evaluated.  The  remaining  terms  to  be 
determined  for  the  rotor  are  the  pure  moment  and  forces  due  to  the 
rotation  of  the  hub  about  its  own  axis,  all  of  which  are  due  to  rotor 
plane  lagging  behind  the  pitching  shaft  given  by  the  derivative 

.  In  order  to  determine  the  forces  produced  by  such 
a  condition  we  must  express  the  H  and  T  forces  in  terms  of  the  flapping 
angle  ,  since  this  parameter  has  been  eliminated  from  the  expressions 

for  H  and  T  previously  expressed.  Reference  12  gives  an  expression 
for  Cm  in  terms  of  the  blade  flapping  on  page  i.92  which  when  differ¬ 
entiated  gives 


■Q9 


aCii  ^  3  X]  (128) 

where  a  higher  order  product  of  Mx  Clol  cA  has  been  neglected. 
Dependence  of  T  on  <3n  is  very  small  for  a  high  ^  rotor  such  as 
is  under  consideration  here,  and  can  safely  be  neglected.  The  two 
force  terms  can  now  be  expressed  as  follows: 


^1 


p  'iT  \ 

V  I  2)21, 


2)©  J 


(129) 


bT  I  Q  (130) 

“b©U»,v* 

The  one  remaining  term  1  _  Is  given  in 

^0  I  ex'* 
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Reference  6 


on  page  275 


as 


I  r=  __  \(o 

5©  IcX^jV*  JfO.  (131) 


SlMlarly  the  wing  contributions  my  be  expressed 


I 


b© 


bHa.c. 

^o('* 


b  Q  I 


T^CiJ  I 


.  bV|^  I 

bVj;’*'  b0  I  \//x 

b~Z:oo  bo^*j 
bo<'*  ©  lv/,ot 


&e  IveV" 


4.  b3Lu>  ^Vp*  j 

^Vr"^  ^6  lv,<3^ 
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For  the  pitch  rates  to  be  encountered.  It  is  safe  to  assume  that 
pitching  of  the  wing  about  its  own  ^.C..  produces  little  change  in 
the  wing  force  and  moment  at  constant  and  and  the  approxi¬ 

mation 


'ii 

e>0 

'b  e 

o 


(l4l) 


is  quite  reasonable. 

Progressive  evaluation  and  substitution  will  eventually  lead  to 
the  values  of  and  which  are  to  be  found  pre¬ 

sented  in  Figure  66  along  with  a  breakdown  of  the  major  contributory 
terms. 


The  only  remaining  contribution  to  on  the  tail-off  air¬ 

plane  is  due  to  the  fuselage,  and  initial  evaluations  Indicate  that 
this  effect  is  negligible  compared  to  the  other  contributions  con¬ 
sidered  above. 
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This  expression  Is  presented  as  a  plot  of  X  vs .  for  constemt 

«  's  In  Figure  83c  Knowing  and  (ordinarily  available 

from  perfoimance  analysis)  one  can  then  readily  determine  A  from 
this  plot  without  solving  the  q.uartlc  In  X  of  equation  (B-2). 

The  necessary  In-flow  derivatives  used  In  equations  (A-71) 
through  (A-74)  In  the  analysis  of  Appendix  A  may  be  easily  obtained 
by  differentiating  equation  (B-6)  and  plotting  the  restiltlng  functions 
at  constant  0<  .  The  expressions  resulting  from  such  operations 

and  the  figure  numbers  of  the  respective  plots  are  presented  below; 


(B-7) 


Figure  84  plot  of 
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Figure  85  plot  of 
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\  ZA  =_  _ }l _ (b-9) 

Figure  86  plot  of 


''0  PvCt-  /'X 

also  included  is  a  presentation  of  induced  velocity  at  the  rotor 
normalized  by  Xq  in  Figure  87 . 
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APPENDIX  C 


In  order  to  simulate  the  dynamic  characteristics  of  a  full  size 
aircraft  by  means  of  a  scale  model  certain  physical  relationships 
must  be  satisfied.  These  are  commonly  called  the  conditions  of 
"dynamical  similitude"  and  imply  that  the  ratio  of  all  pertinent 
full  scale  forces  to  the  corresponding  model  forces  can  be  expressed 
by  a  single  constant  number.  Riysically  it  can  be  reasoned  that  the 
forces  of  Interest  in  the  rigid  body  motion - aerodynamic,  gravi¬ 
tational,  and  inertial - must  form  similar  closed  polygons  for  the 

model  and  full  scale  In  order  for  them  to  exhibit  similar  dynamic 
behavior.  Such  similarity  can  be  preserved  by  holding  constant  on 
both  machines  the  ratios  of  any  (n-l)  pairs  of  forces,  where  n  is 
the  total  number  of  types  of  forces  acting,  in  this  case  3*  There¬ 
fore,  if  the  ratios  of  aerodynamic  to  gravity  forces  and  of  gravity 
to  inertia  forces  are  the  same  for  model  and  full  scale,  the  simili¬ 
tude  requirements  will  be  satisfied.  Figure  3G  Illustrates  this  condi 
tion  and  points  out  that  the  resulting  dimensionless  quantities  are 
in  fact  thrust  coefficient  and  Froude  Number. 

These  two  conditions,  together  with  the  obvious  necessity  of 
specifying  a  scale  size  in  order  to  have  a  model,  completely  specify 
the  model  to  full  scale  relationships  of  the  three  basic  variables 
in  a  problem  in  mechanics - mass,  length  and  time.  Dimensional  ex¬ 

pressions  may  be  set  up  equating  model  and  full  scale  thrust  coef¬ 
ficient  and  Froude  Number  in  terms  of  the  selected  linear  scale 
factor,  X  ,  and  solutions  obtained  for  the  mass  and  time  scaling. 


The  results  of  such  an  operation,  together  with  some  other  convenient 
parameters,  are  presented  in  Table  iv. 

Unfortunately,  since  the  tests  considered  herein  are  conducted 
in  the  same  gravity  field  and  atmosphere  as  the  full  scale  operates 
in,  certain  aerodynamic  considerations  cannot  be  completely  satisfied. 
The  result  is  that  neither  Mach  Number  nor  Reynold's  Number  are  simu¬ 
lated  on  the  scale  models,  and  the  error  is  a  function  of  scale  factor 
as  presented  in  Table  IV.  Although  ^fe,ch  Number  effects  are  of  little 
significance  in  stability  studies  in  the  low  speed  flight  regime, 
Reynold's  Number  can  play  some  part  as  in  wind  timnel  testing.  As 
discussed  in  References  1  and  2  these  effects  can  sometimes  be  compen¬ 
sated  for  and  are  frequently  diminished  due  to  the  increased  effective 
Reynold's  Number  in  the  highly  turbulent  flow  in  the  wake  of  a  rotor. 
This  problem  does,  however,  deserve  close  consideration  in  investi¬ 
gations  of  aircraft  perfo:®ance  with  scale  models. 
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The  relationship  between  the  three  classes  of  forces  activated  In 
stability  and  control  maneuvers 


TABLE  IV 


SCALE  FACTORS 

(MODEL  VALUE)  =  (FULL  SCALE  VALUE)  ( 


PARAMETER 

Linear  Dimensions 
Area 

Volume,  Mass,  Force 
Moment 

Moment  of  Inertia 
Linear  Velocity 
Linear  Acceleration 
Aogular  Velocity 
Angular  Acceleration 
Time 
R.P.M. 

Disc  Loading  (T/a) 
Power  Loading 
Power 

R.  N. 


FACTOR 


x-3 

x-^ 

x-5 

x-^/" 

x° 

x"/2 

x^ 

X-V2 

xV2 

x-1 

xV2 

X-3-5 

.X-1-5 

X-V2 


Mach  No 


ERRATA 

Page  5,  line  IJ  Change  date  "11-10-58"  to  "11-10-59" 

P^:.'  e  90,  line  1  Change  "it"  to  "is" 

Page  90>  line  20  Change  "affect"  to  "effect" 

Page  92,  line  11  Change  "to"  to  "too" 

Page  130,  line  21  Should  read  " . . .tilt  emgles  and  C^  and  under 
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